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Dedication 

This book is dedicated to the scientists, staff, 
and supporters of the International Plant 
Nutrition Institute (2007—2019), its 
predecessor, the Potash & Phosphate Institute 
(1977-2006), and its predecessor, the Potash 
Institute (1935—1977). At the initial founding 
of the Potash Institute in 1935 in Washington, 
DC, Dr. J.W. Turrentine, the first president, 
spoke to the Institute’s first Board, comprising 
eight members from the potash companies of 
that time: 

Agricultural usage of potash must be 
increased on a basis that is sound and 
profitable to the farmer. Consumer betterment 
is basic. . If we did not believe that, we should 
have no moral justification as an Institute. 
Since that time, the scientists working for the 
Institute have striven to be objective, 
gathering evidence to determine when 
fertilizer was the best option to improve crop 
productivity and farmer profitability, and 
when it was not. Over the decades, the 
Institute became global in scope, creating 
positive impacts in most countries around the 


world—a remarkable feat considering the few 
scientists ever employed. The compass stayed 
true over those decades, exemplified by the 
mission of the International Plant Nutrition 
Institute, “to develop and promote scientific 
information about the responsible 
management of plant nutrition for the benefit 
of the human family." The newly formed 
African Plant Nutrition Institute, the phoenix 
organization, keeps the needle true with its 
mission to "innovate plant nutrition through 
evidence-based practices for a resilient and 
food secure Africa.” 

The Institute in its various rebirths has always 
been a unique organization, with highly 
respected scientists passionate about feeding 
hungry people and improving the livelihoods 
of farmers. There will always be a need to take 
the most compelling scientific evidence and 
apply it effectively to everyday practical 
problems. This book is but one of thousands of 
examples of the Institute's passion for 
bringing together diverse ideas to find new 
solutions. As a reader, we invite you to share 
in that passion and carry it forward. 


Foreword 


The publication of Improving Potassium Recommendations for Agricultural Crops 
is occurring 35 years after the last major scientific book on potassium (K) in 
agriculture. The previous book, published by the American Society of Agronomy, 
Crop Science Society of America, and Soil Science Society of America, was over 
1200 pages in length and offered a comprehensive global review of the topics 
ranging from world K reserves and mining to K nutrition for specific crops and 
everything in between. It was truly global in subject matter, geography, and author- 
ship. Like the earlier book, this book is global in geography and authorship, but is 
more narrowly focused on the science supporting K recommendations for agronomic 
crops and their improvement. So, why the focus on recommendations and why is 
there an urgent need for such a book? 

As one of the three primary plant nutrients, K remains critically important in crop 
production. As an essential element for human nutrition, K intake today is inade- 
quate in the diets of most of the world’s population. The need for improved cropping 
system productivity and the need for efficient use of all local resources and external 
inputs, including K and inputs with which K interacts, have greatly elevated the need 
to predict the capacity of specific soils to meet the K needs of specific crops. When 
that capacity is found insufficient, effective guidelines for K source, rate, timing, and 
placement decisions are needed. In the past few decades, the adoption of both high- 
tech and low-tech approaches to site-specific nutrient management has increased the 
demand for accuracy and precision in K recommendations. Soil K evaluation has 
increased in importance in regions of the world where long-term negative K balances 
have increased the frequency of K deficiency in crops. In many areas, desired 
accuracy and precision are not attainable with current K recommendation 
approaches. 

At the same time, substantial growth has occurred in basic knowledge of the 
mechanisms of K cycling in soils, the function of K in plants and animals, and how 
growing plants and healthy soils interact. Much of this growth is highly relevant to 
the K recommendation process. However, this new scientific understanding and 
underlying data have not undergone the same degree of synthesis experienced with 
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nitrogen (N) or phosphorus (P). Therefore, it is not readily accessible to those 
responsible for recommendations or to growers and their advisers. 

A special challenge in drawing attention to the need for increased emphasis on the 
science and practice of K management is the insidious nature of most K deficiencies. 
With N, serious management problems are often catastrophic where it becomes 
obvious that the crop is suffering and requires attention. In extreme cases, K 
deficiency can also be catastrophic where clear deficiency symptoms appear along 
with stunted growth. However, K deficiencies are often less pronounced, without 
clear symptoms, causing such problems to go undetected and providing less incen- 
tive for a change in practices to address the cause of the problem—termed “hidden 
hunger" in past literature. 

This book is part of a process initiated by the International Plant Nutrition 
Institute to enable the integration of new knowledge of K into K recommendations 
and management. The process began in 2013 with informal workshops held in the 
USA and in Turkey designed to gather input from scientists on the major issues of K 
plant nutrition. These were followed in 2015 by the Frontiers in Potassium Science 
Workshop held in Hawaii in conjunction with the International Symposium on Soil 
and Plant Analysis. That workshop succeeded in creating a global network of 
innovative scientists who effectively communicate across disciplines to advance 
the science of soil and plant K evaluation and to further communicate those advances 
to applied scientists and to the private sector. One outcome of the workshop was a 
roadmap to guide future efforts to advance the science of soil K evaluation. That 
roadmap was instrumental in planning "Frontiers of Potassium—an International 
Conference" held in January of 2017 in Rome, Italy. The papers presented at the 
3-day Rome conference became the core of this book. 

But why a book ... and why now? This book advocates for a paradigm shift in K 
recommendations. In his 1992 book, Future Edge, Joel Barker described what 
causes a paradigm to shift. He stated that every paradigm develops a special set of 
problems that everyone in the field wants to be able to solve but no one knows how 
to do it. These problems are “put on the shelf" with a promise made that we will get 
back to them sooner or later. When the weight of these special problems approaches 
a critical mass, the paradigm shifts. We believe current K recommendations are at 
that point. 

Problems of K that are currently “on the shelf" and that motivated development of 
this book include but are not limited to the following. 


* Lack of definitive calibration of soil test K to crop response in some areas 

* Within a given soil test range, great variability in response to applied K among 
growing seasons at a single site, or among sites within a single growing season 

* All too frequent lack of responses to K applications on soils testing low in 
exchangeable K levels 

* Alltoo frequent responses to K applications on soils where none were expected, 
based on high or very high levels of exchangeable K 

* Unexpected spatial variability patterns of soil test K within fields 
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* Large temporal variability in soil test K that appears unrelated to K additions or K 
removal by crops and contributes to substantial “noise” in long-term soil test 
records 

* Directionally inconsistent effects of weather-related factors, such as soil moisture 
content, on soil test K levels across sites in both research plots and grower fields 

e Alterations in measured K levels and their interpretation due to sampling or 
sample handling procedures 

* Genetic changes in crops that impact progressive K demand through the growing 
season and root development that may in turn influence requirements for soil K 
and its release to the soil solution 

* Unknown impacts on surface soil test K interpretation, including changes in 
subsoil K levels as a result of long-term crop removal, crop susceptibility to 
moisture stress, and general K management 

e Abandonment of K soil testing approaches in some parts of the world due to poor 
access to soil testing or limited supporting correlation, calibration, and 
interpretation 


Resolution of many of these issues and problems with soil K assessment may well 
reside in answers to appropriate mechanistic questions about the behavior of K in 
soil-plant systems. This book focuses on those mechanisms. Much is already known 
about these issues, but only a portion of what is known is currently utilized in soil K 
assessment and the associated interpretation tools. We believe that this book will 
contribute significantly to improved synthesis of existing knowledge, facilitate its 
use in the recommendation process, and identify needed research to fill 
knowledge gaps. 

This book is only part of the ongoing process to enable the integration of new 
knowledge into improved K recommendations and management. Numerous stake- 
holders need to be engaged in the future if real-world improvements in K manage- 
ment are to be realized. Improving Potassium Recommendations for Agricultural 
Crops provides a solid foundation for building collaborative efforts to advance the 
science and practice of K management. A partial list of critical stakeholders follows. 


* Farmers or growers: They are of course the end user. They are often the first to 
identify problems with current practices and can help set priorities for research 
and development. To an increasing degree today, they can also be participants in 
generating data in the discovery process via "citizen science" approaches. 

* Research scientists: The K science relevant to developing a framework for 
improved recommendations is in need of rigorous synthesis around the issues 
addressed in this book. This book will be a major step forward in that synthesis; 
however, additional reviews will be needed with expanded data sharing and 
evaluation of existing field and laboratory technologies. The complexities of the 
problems being addressed will likely require modeling approaches to be 
employed and will lead to identification of remaining knowledge gaps. 

* Laboratory services: Analytical laboratories have a critical role to play in 
providing the soil and plant analyses required for more complete characterization 
of soil properties critical in defining potential K flux and K holding capacity. 
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Assessing these additional properties in a cost-effective and timely manner could 
be a challenge but will be essential for progress in K management. It may well 
involve additional research commitments in laboratory or field procedures, 
including sampling protocols and sensing technologies. 

* Data services: Precipitation, temperature, and other climatic factors have a major 
influence on crop growth and K demand and also greatly impact numerous soil 
processes related to K flux. And, it is highly likely that the only cost-effective 
means of assessing some critical soil properties will be via digital soil classifica- 
tion maps. Services that can supply these data and likely others will have 
important roles to play. 

* Extension: Extension, in both private and public sectors, will have a critical role 
in guiding knowledge synthesis and transfer, developing a framework and asso- 
ciated decision support systems or tools, and evaluating the effectiveness of those 
products. Extension is also needed to help build coalitions between research, 
laboratory, and data communities to keep all parties communicating and moving 
forward. 

* Fertilizer industry: Timely, affordable access to appropriate K fertilizers is 
taken for granted in much of the world but can certainly be a limiting factor in 
some regions. It does little good if needs can be predicted but the products to meet 
those needs are inaccessible or if they do not work as advertised. 

* Local service providers: Last-mile delivery and testing of technology and 
information via adaptive management with farmers or growers to fine-tune 
them to local conditions is an important step. Local service providers will need 
to use scientifically sound on-farm experimental protocols to generate data 
needed to inform management practice changes. 


So, the time has come to address the items that have been sitting on the shelf for 
decades. With the right network of people and organizations, support can be found, 
and a pathway created for successful implementation of new solutions. Let us clear 
the shelf to make way for new items and the next needed paradigm shift in the future. 


Formerly International Plant Nutrition Paul Fixen 
Institute (IPNI) Norcross, GA, USA 
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Chapter 1 
The Potassium Cycle and Its Relationship — wi 
to Recommendation Development 


Sylvie M. Brouder, Jeffrey J. Volenec, and T. Scott Murrell 


Abstract Nutrient recommendation frameworks are underpinned by scientific 
understanding of how nutrients cycle within timespans relevant to management 
decision-making. A trusted potassium (K) recommendation is comprehensive 
enough in its components to represent important differences in biophysical and 
socioeconomic contexts but simple and transparent enough for logical, practical 
use. Here we examine a novel six soil-pool representation of the K cycle and explore 
the extent to which existing recommendation frameworks represent key plant, soil, 
input, and loss pools and the flux processes among these pools. Past limitations 
identified include inconsistent use of terminology, misperceptions of the universal 
importance and broad application of a single soil testing diagnostic, and insufficient 
correlation/calibration research to robustly characterize the probability and magni- 
tude of crop response to fertilizer additions across agroecozones. Important oppor- 
tunities to advance K fertility science range from developing a better understanding 
of the mode of action of diagnostics through use in multivariate field trials to the use 
of mechanistic models and systematic reviews to rigorously synthesize disparate 
field studies and identify knowledge gaps and/or novel targets for diagnostic devel- 
opment. Finally, advancing evidence-based K management requires better use of 
legacy and newly collected data and harnessing emerging data science tools and 
e-infrastructure to expand global collaborations and accelerate innovation. 
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2 S. M. Brouder et al. 
1.4 Overview of the Potassium Cycle 


Nutrient recommendation frameworks are underpinned by scientific understanding 
of how nutrients cycle within timespans relevant to management decision-making. 
The cyclic nature of K transfers and transformations in crop production can be 
shown by a diagram depicting pools of K in the soil-plant system and the fluxes of 
K between those pools within a given volume of soil for a specified period of time 
(Fig. 1.1). Time scales typically reference a crop within a season or a sequence of 
crops within a relatively short period of time (2—4 years) for which a single or small 
suite of interrelated management decisions will be made. The horizontal spatial 
extent may range from an individual plant to an entire farm enterprise but tradition- 
ally has emphasized the “field scale," reflecting a farmer's predetermined manage- 
ment unit. The vertical spatial boundaries typically range from the top of the crop 
canopy down into the soil to the depth of crop rooting. Therefore, the spatial and 
temporal extents of interest include all system components that are intrinsic to the 
soil and the site as well as those that are influenced by management and crop 
development. Together, these components directly influence crop productivity. 
Pools in the K cycle (Fig. 1.1) are categorized as inputs (pool 1), outputs (pools 
2-5), plant pools within the cycle boundaries (pools 6-7), and those within the soil 


1. K inputs 


Soil surface 


pools 8-13 can also 
be lost through erosion 
(fluxes not shown) 


Depth of rooting volume 


BK input [EX] plant K 


EK output soil K 
— flux 


Time scale: a cropping season Spatial scale: cumulative rooting volume for a crop 


Fig. 1.1 The K cycle. Pools are denoted by rectangles and are quantities of K in one or more types 
of locations. Fluxes are denoted by arrows and are movements of K from one pool to another. This 
cycle depicts six pools of soil K (referenced herein as the six soil-pool model) 
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(pools 8-13). These pools are examined in depth throughout this book; their 
abbreviations relevant to this chapter are provided in Table 1.1. The pools are as 
follows: 


Pool 1. K inputs is the total quantity of K originating outside a given volume of soil 
that moves into that volume. Inputs include organic and inorganic fertilizer 
additions (Kg,4,, Table 1.1); K in crop residues brought onto the field from 
other areas; K in precipitation; K in irrigation water; K transported to the soil 
volume via runoff and erosion; K brought in as seeds, cuttings, or transplants; and 
atmospheric deposition (Chap. 2). This pool is the sum of all of these inputs. 
Inputs may occur directly to the soil or, as is the case with foliar fertilizer 
applications, directly to the plant. 

Pool 2. Harvested plant K is the quantity of K in plant material removed from a 
given area (Kyary). Such losses occur as the K in the desired plant products is 
removed from the field—products such as grains, forages, fruits, vegetables, nuts, 
ornamentals, and fibers (Chap. 3). 

Pool 3. Open burning losses of K are the total quantity of K lost from the 
unenclosed combustion of materials. When crop residues left in the field (pool 
T) are burned, K in soot and ash is lost if they move offsite (Chap. 3). 

Pool 4. Erosion and runoff losses of K group three losses of K: surface runoff, 
subsurface runoff, and erosion (Chap. 3). Surface runoff K is K* in water 
moving laterally over the soil surface in the direction of the slope. Subsurface 
runoff K is K* in water that infiltrates the soil surface to shallow depths and then 
moves laterally in the direction of the slope. Erosion loss of K (Kgyode) is K lost 
from the lateral or upward movement of soil particles out of a given volume of 
soil. Although not depicted by arrows in the diagram, erosion and runoff losses 
include both soil solution K (pool 8) and K in the soil solids (pools 9-13). 

Pool 5. Leached K (in soil) is the quantity of K displaced below the rooting depth by 
water percolating down the soil profile (Ki eacn) (Chap. 3). Potassium dissolved in 
the soil solution (Kgoin) is subject to leaching, shown by the single flux arrow 
connecting pool 8 to pool 5. Although not depicted in the diagram, K can also be 
lost with clay colloids translocating to subsurface horizons. 

Pool 6. Plant K is the total quantity of K accumulated in the plant (Kpi OY Krotpiant 
as discussed below). Total accumulation considers both aboveground organs, 
such as stems, leaves, flowers, and fruit, and belowground organs, such as roots, 
rhizomes, and corms. Nearly all of plant K is taken up by roots from the soil 
solution, shown by the arrow from pool 8 to pool 6 (Chap. 4). Influx is the 
movement of K from outside to within a tissue, in this case from the soil solution 
into the roots (Barber 1995). Small quantities of K may also move out of plant 
roots back into the soil solution. Efflux is the movement of K from within to 
outside a tissue (Barber 1995; Cakmak and Horst 1991). Efflux is denoted by the 
arrow drawn from pool 6 to pool 8. Plants differ in their efficiencies of K uptake 
and utilization (Chap. 5). Potassium can also enter the plant via leaf penetration, 
shown by the arrow from pool 1 to pool 6 (Marschner 2012). Potassium deposited 
on leaf surfaces by foliar fertilization, throughfall (Eaton et al. 1973), and 


Table 1.1 Definitions of abbreviations 


additional clarity and context 
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as used in the text. Comments are included to provide 


Term 
Plant K 


Abbreviation 


K; Plant 


Definition 


The K content in all plant biomass, usually reported on a 
dry matter basis, that is newly taken up within the growth 
cycle/season (the new plant nutritional need). It is mea- 
sured at the point of maximum accumulation, ideally 
representing optimal growth and realizing maximum 
economic yields but without luxury consumption. Note, 
in annuals, Kpjant is often only assessed in aboveground 
tissues only 


Total plant K 


Kyotiant 


The total quantity of K that a plant/crop requires within 
the growth cycle/season, measured at the point of max- 
imum accumulation representing optimal growth and 
realizing maximum economic yields. For annuals, 


Kyowian = Kptant 


Total organ K 


K OrganTot 


The total quantity required by a specific organ pool of a 
plant/crop (leaves, stem/stalk, ear/fruiting body, root 
system, etc.) 


Internally 
translocated K 


KT ran s 


Portion of KpiantTot OF KorganTot that is met by internal K 
cycling and translocation within a crop/plant 


Plant-available indig- 
enous K 


Ksoi 


The quantity of native K supplied by the soil without 
new K additions that is newly taken up by a plant/crop 
within a growth cycle/season 


Harvested K 


Kharv 


The quantity of K in plant material removed from a given 
area by crop harvest 


Unharvested K 


KuonBarv 


The amount of K returned to the soil in unharvested 
residues after the growing season/cycle 


K concentration in 
harvested tissue(s) 


K AveConc 


Average value of the K concentration in all harvested 
tissues that can be used to estimate Ky, from yield mass 


Solution K 


Kgoin 


The quantity of K in the soil solution, i.e., the soil pool 
from which plant/crop roots take up K 


Solution soil test K 


STKgoin 


A quick assay of Kso that may be used in conjunction 
with quick assays of other soil pools to measure flux 


Surface-adsorbed K 


Ksurt 


The quantity of K associated with negatively charged 
sites on soil organic matter, planar surfaces of 
phyllosilicate minerals, and surfaces of iron and alumi- 
num oxides 


Exchangeable K 


Kgxch 


The K extracted from a sample of soil via cation 
exchange using a solution of a specified composition 
(e.g., NH4* or Na* salts) under a specific set of condi- 
tions. It is typically assumed that release occurs primar- 
ily from Ks; although release can also come from K in 
readily accessible interlayer positions of soil minerals. 
To provide an agronomic interpretation, Kg,. must be 
correlated to crop uptake and/or yield (see STKgxch) 


Useable fraction of 
exchangeable K 


Egxch 


Efficiency or fraction of Kg, that is taken up by the root 
system of the crop/plant during the growing season/cycle 


Exchangeable soil 
test K 


STKexch 


The total quantity of K in a soil sample that is released by 
a routine exchanging test protocol that has been 


(continued) 
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Table 1.1 (continued) 


Term 


Abbreviation 


Definition 


correlated with crop K uptake and/or yield (e.g., 
STKegxch = Kexch X Egxcn), typically also inclusive of 
Ksoin 


Quantity of K in Kj The total quantity of K in pool “j,” where j corresponds 

solid-phase pool j to K in secondary layer silicates, micas and partially 
weathered micas, structural K in feldspars, or K in 
neoformed secondary minerals (pools 10-13, Fig. 1.1) 

Useable K fraction in | E; The efficiency or fraction of pool K; that is taken up by 

pool j the plant root 

Plant-available KNonExch Quantity of K in secondary layer silicates, micas, feld- 

nonexchangeable K spars, and neoformed secondary minerals (Kj) accessed 
by plant/crop roots during a growth season or cycle (e.g., 

j=pool 13 
KNonExch = ] 5 Kj x Ej, Fig. 1.1) 
j=pool 10 

Nonexchangeable STKyonexch | A chemical assay of potential seasonal contributions to 

soil test K Ksoin from soil pools 9-13 in Fig. 1.1. (Note: In any 
routine laboratory test, the protocol will also assess Kgxcn 
contributions) 

Erosion K losses Kgrode The quantity of K lost from the movement of soil parti- 
cles out of a given volume of soil 

K lost to leaching Ky each The quantity of K displaced below the rooting depth by 
water percolating within the soil profile 

Fixed K Kpixed The quantity of K that has moved to interlayer positions 
in phyllosilicate minerals and has subsequently become 
unavailable to plants during the growing season/cycle 

Precipitated K Kprecip Soil K that becomes unavailable to the crop/plant during 
the growing season/cycle following precipitation as 
neoformed secondary minerals 

Lost K Kiost The sum of K losses via all loss pathways (Kgrode, Keach: 
KFixea, and Kpyecip) of soil K or K added either as inor- 
ganic/organic fertilizer or as unharvested residues 
(KunHarv) 

Fertilizer K KFert OF The input requirement for K fertilizer to meet the portion 

Kgerntx of plant K demand (Kpjan,) not supplied by the soil while 

accounting for expected loss processes (Kp) or a spe- 
cific input of fertilizer at rate “X” (KFertx) 

Efficiency of fertilizer | Eper or The efficiency of any single fertilizer application (Efer) 

K uptake Exadded or net K addition, including the sum of Kg, and Kunnary 
(Exaddea), that reflects the non-indigenous (soil) portion 
of system K that is taken up by the plant within the 
coming growth season/cycle. The efficiency factor 
adjusts the new K requirement upward from the net plant 
nutrition need (Kpjant — Ksoi1) and accounts for losses in 
plant-available K (Krosi) following K addition 

K uptake with rate Kgoi + x Total plant K uptake at a specific fertilizer rate “X” 

«x 

K recovery efficiency | REx The apparent recovery efficiency for a specific fertilizer 


rate "X" (e.g., REx = (Ksoii + x — Ksoit)/KFentx), which is 
an approximation of Ey Aadea 
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atmospheric deposition (Chap. 2) contribute secondarily to plant K via this 
pathway. 

Pool 7. Unharvested plant K (Chap. 6) is the quantity of plant K returned to the soil 
volume (Kungay). This return is normally associated with K leached from dead 
plant material such as pruned branches and leaves in orchards, chaff from 
machine harvest of grain crops, terminated cover crops, and plant residues left 
from previous crops. Leached K is the quantity of K removed from plant tissues 
by water including rain and dew. Leaching of K can be more rapid from 
senescing tissues where membranes and cell walls are damaged prior to moisture 
exposure (Burke et al. 2017). Although also considered leaching, guttation is 
another process that may lead to loss of K. Guttation is an exudation of xylem sap 
from leaves due to root pressure (Taiz et al. 2018). Guttation loss occurs from 
living tissue. 

Pool 8. Soil solution K (Chap. 7) is the quantity of K dissolved in the aqueous liquid 
phase of the soil (Ksoin) (Soil Science Glossary Terms Committee 2008). It is 
present as the cation K*. Plants take up K* only from this pool, denoted by the 
flux arrow from pool 8 to pool 6. Many soil pools (pools 9-13) contribute K to 
Ksotn- 

Pool 9. Surface-adsorbed K is the quantity of K associated with negatively charged 
sites on soil organic matter, planar surfaces of phyllosilicate minerals, and 
surfaces of iron and aluminum oxides (Kgsurp) (Chap. 7). Surface-adsorbed K 
enters the soil solution the most readily and is therefore considered the most 
plant-available of the soil K pools. As shown by the bidirectional fluxes between 
pools 8 and 9, Kgoin can become Ksurf and vice versa. 

Pool 10. Interlayer K in secondary layer silicates is the quantity of K bound 
between layers of phyllosilicate minerals that are weathering products of primary 
minerals (Chap. 7). Secondary layer silicates are formed primarily by transfor- 
mations of micas and feldspars. The strength of the bonds that K* forms in 
interlayers varies by mineral; therefore, not all interlayer K has the same degree 
of plant availability. Potassium may move from interlayers to surface sites (arrow 
from pool 10 to pool 9) or directly to Kso (arrow from pool 10 to pool 8). 
Additionally, Ksuf may move to the interlayers (arrow from pool 9 to pool 10). 

Pool 11. Interlayer K in micas and partially weathered micas (Chap. 7) is the 
quantity of K bound between layers of primary mica minerals that are in various 
stages of chemical and physical breakdown. Important K-containing micas are 
biotite and muscovite. Micas do not release plant-available K until chemical or 
physical forces act upon them. As phyllosilicate micas weather, the edges of their 
sheets open as hydrated cations replace the dehydrated K* originally in the 
structures. Potassium from these edges may go into the Ksoin (arrow from pool 
11 to pool 8) or to Ks; (arrow from pool 11 to pool 9). The loss of K near the 
edges of mica crystals is concomitant with the loss of internal negative charge in 
the crystal and leads to the formation of secondary minerals. Interlayer K in micas 
can become interlayer K in secondary layer silicates (arrow from pool 11 to 
pool 10). 
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Pool 12. Structural K in feldspars (Chap. 7) is the quantity of K in structures of 
tectosilicate minerals, mainly feldspars, and feldspathoids. The K in these min- 
erals is not bound as strongly as the other elements in the structures. At exposed 
surfaces, dissolution of the structures can allow other cations in the soil solution 
to exchange for K*, moving K* into the solution (arrow from pool 12 to pool 8). 

Pool 13. Neoformed K minerals are newly formed minerals created from the 
reaction of soil solution K with other soil solution ions (Chap. 7). An example 
is taranakite, a mineral formed by the reaction of K with phosphorus fertilizer 
compounds under acidic, saturated solution conditions (Lindsay et al. 1962). 
Potassium in neoformed secondary minerals can be both a source of K to Kgoin 
as plants deplete Ks), (arrow from pool 13 to pool 8) and a sink for K as newly 
added K is precipitated out of Ksoin (arrow from pool 8 to pool 13). 


1.2 Philosophy of a Potassium Recommendation 


Cash et al. (2003) stated that to be effective, scientific information has to be credible, 
salient, and legitimate. Applied to a K recommendation, it is credible when it is 
scientifically adequate and based on sufficient evidence. It is salient when it 
addresses the needs of the decision-makers. It is legitimate when it is unbiased and 
respects stakeholders’ values and beliefs. Both scientists and practitioners alike want 
a recommendation to be “accurate,” in that it provides realistic estimates of costs and 
benefits, with associated levels of confidence, for a given K management option and 
a given set of conditions that are specific to the user. From the scientific perspective, 
accuracy is achieved when (1) the individual components that make up the recom- 
mendation (i.e., modification for crop, soil type, agroecozone, etc.) are consistent 
with relevant scientific theory and (2) research has been conducted under a sufficient 
number of representative conditions and environments that the statistical precision 
and accuracy of the recommendation can be explicitly given for its inference space. 
For practitioners, accuracy requires that the recommendation be credible in that it 
makes sense out of what is observed and that the components themselves can be 
observed, explained, and understood. Additionally, practitioners desire a recommen- 
dation that is customizable to individual contexts (management, environment, 
whole-farm profitability, etc.) and is not only focused on the cost and benefits 
associated with a single crop’s response to a single nutrient. Finally, practitioners 
expect recommendations to be reasonably successful in predicting crop production 
outcomes. 

Philosophically, this suggests a three-legged stool model for building a recom- 
mendation, where simultaneous consideration is given to (1) the crop-soil K cycle, 
(2) the ancillary or secondary biophysical factors that can influence the crop-soil K 
cycle but are often the subject of separate recommendations, and (3) socioeconomic 
factors that encompass farmer short- and long-term objectives, goals, and prefer- 
ences (Fig. 1.2). Thus, there is more to a recommendation than understanding the 
crop- and soil-specific attributes of the K cycle, and all three legs must be subjected 
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The crop-soil K cycle Socio-economic factors & farmer 
* Total plant K requirement at preferences 
time of maximum uptake * Short-term economic returns for 
* K offtake with harvest a single season 
* Changing crop K demands as * Long-term economic returns over 
a function of growth and multiple seasons 
development * Other farm & land management 
* Crop-specific ability to access goals & objectives 
different K pools * Financial status & willingness to 
assume risk 


K Cycle Influencers 


The 2? biophysical influencers of the K cycle 
* Interactions w/ other nutrients & manures 


* Interactions w/ non-nutrient factors & managements (e.g. H,O & irrigation, 
weeds, root pruning pests, vascular pathogens, ...) 


* Differential access to K pools by the crop species w/in rotations 


Fig 1.2 A “three-legged stool" conceptualization of the essential considerations of a credible, 
salient, and legitimate K recommendation 


to rigorous analysis. The remainder of this chapter will focus primarily on the crop- 
soil K cycle and its biophysical regulators. These are the legs of the stool that have 
been the subject of most agronomic research conducted to develop K 
recommendations. 


13 Challenges with Common Potassium Recommendation 
Terminology 


In most soil fertility references and management guides (e.g., Havlin et al. 2014), soil 
K has been represented as residing in four distinct pools (Fig 1.3a). The Kgoj, and 
exchangeable K (Kexen, Table 1.1) pools have long been considered the major 
in-season source of nutrients to plants and crops and the major foci of research to 
develop soil testing protocols. The remaining two soil pools in traditional K cycle 
diagrams were the structural K in primary minerals and the interlayer K in secondary 
clay minerals. However, as discussed in the remainder of this chapter and in Chap. 7, 
this traditional four soil-pool model and the accompanying terminology have created 
confusion in understanding the plant-soil K cycle and its use as a foundation to 
recommendations. The four soil-pool model uses terminology that confounds the 
mechanisms of extraction protocols with the actual source pools (e.g., Kexen for the 
quantity of K extracted via cation exchange versus nonexchangeable K (Knonexch; 
Table 1.1 and pool B, Fig. 1.3a) for any additional K that may be assessed by using 
other extractants). Additionally, it lumps together micas and feldspars, does not 
consider neoformed minerals, and suggests that primary minerals are not important 
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a. Conventional four soil-pool model 


b. Simplified two soil-pool model 


Gi plant K 


LJ soil K 
— flux 


Fig. 1.3 Two simplified K cycles depicting only the relationships among soil K and plant K pools. 
Other pools have been omitted for simplicity. Pools are denoted by rectangles and are quantities of 
K in one or more types of locations. Fluxes are denoted by arrows and are movements of K from one 
pool to another. Pools 6 and 8 retain the numbering from Fig. 1.1. The upper cycle (a) is the 
conventional four soil-pool model. The lower two soil-pool cycle (b) is a simplified model that 
conceptualizes plant-available K as coming from pools measured by a soil test that extracts K with 
cation exchange (exchangeable and soil solution K) and not measured by such a soil test 
(nonexchangeable K) 


contributors to plant nutrition within typical management timelines (Fig. 1.1, pools 
11, 12, and 13). 

The consensus among contemporary K researchers is that inconsistency in 
terminology creates challenges in communicating among scientists and in achieving 
a recommendation that is understandable and credible to the practitioner. The six 
soil-pool model (Fig. 1.1) is intended to be more explicit in clarifying potential 
contributors to Ks j, during a growing season and potential sinks for K added as 
fertilizers, manures, and returned residues and to result in more defensible recom- 
mendations. Although more complex, it is expected to alleviate the array of confu- 
sions generated by the four soil-pool model and thereby facilitate a more informed 
understanding of soil assays by mode of action and use of the K cycle to improve 
research that supports K recommendations. 

Terms associated with the four soil-pool model known to be differentially used 
and prone to creating confusion in trying to communicate the science underpinning a 
recommendation, along with their clarifying definitions used in this book, include: 
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The use of “exchangeable” or “replaceable” to characterize K that is removed 
with a cation exchange assay that is often assumed to represent just surface- 
adsorbed K (Fig. 1.1, pool 9). To clarify this term, Chap. 7 defines exchangeable 
Kas the K extracted from a sample of soil via cation exchange using a solution of 
a specified composition under a specific set of conditions. As Chap. 8 explains, 
exchangeable K, when measured by ammonium cations in the soil test extractant, 
is surface-adsorbed K as well as K in readily accessible interlayer positions of soil 
minerals. Other exchanging cations (e.g., Na*, Ba^*, or Ca^*) or extraction 
conditions may not extract the same amount of K from a soil sample as 
ammonium does. 

Various uses of the term "fix" (i.e., fixed K, K fixation, a K-fixing soil) to 
characterize movement of K into interlayer sites of clay minerals, rendering the 
ion less accessible to the soil solution and therefore less plant-available (Fig. 1.1, 
movement of K from pools 8 or 9 into pools 10 or 11). The term has also been 
used to characterize a soil factor expected to reduce the efficiency of a fertilizer K 
application. Chapter 7 defines potassium fixation as hydrated K* ions moving to 
interlayer positions in phyllosilicate minerals and then dehydrating as the min- 
eral layers contract. In this position, the K* is unavailable to plants. 
“Nonexchangeable” and “exchangeable” terms are sometimes used to classify the 
relative ease with which K* on the cation exchange complex of a soil can be 
replaced by other cations (ammonium (NH4*), magnesium (Mg?^5, and calcium 
(Ca**)) in the soil solution. But the terms are often used synonymously with either 
fixation terms or analytical protocols such as nitric acid-extractable K versus 
ammonium acetate K, respectively (McLean and Watson 1985). Chapter 7 
defines nonexchangeable K as soil K that is not measured by soil tests that rely 
on exchange or displacement of K by another cation. In this chapter we use the 
abbreviation KNonexch to represent the plant-available portion of 
nonexchangeable K that is accessed by plant/crop roots within seasons or over 
a few years and might, thus, be a target of a measurement to support a K 
recommendation. 

Various terms characterizing "available" K (i.e., bioavailable, plant-available, 
etc.). These terms have been used to describe both the concentration and quantity 
of K extracted by a soil test protocol (that has been found to be correlated with 
plant uptake) and the proportion of a crop's K requirement that can be seasonally 
accessed from the indigenous soil K supply by crop roots. In this and the 
following chapters, plant-available and bioavailable K are used interchangeably. 
Other terms characterizing outcomes or states of processes such as K "holding 
capacity" and aspects of efficiency (i.e., uptake, recovery, physiological, agro- 
nomic, etc.). These terms are generally assumed to be quantitative, but the 
mathematical representation can vary in important ways among the users of the 
term(s). Chapter 3 defines K holding capacity as the maximum quantity of K that 
can be retained by a given volume of soil. Chapters 5 and 11 define several 
commonly used metrics of K efficiency. 


The examples above point to efforts by other authors in this book to clarify terms. 
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1.4 Considerations for Recommendations Derived from 
the Mass Balance Approach to the Potassium Cycle 


In principle, a fertilizer recommendation derived from a plant-soil nutrient cycle 
such as shown in Fig. 1.1 could focus on all or a subset of the pools and fluxes 
identified, with pool and/or flux choice reflecting the desired degree of fidelity of the 
recommendation in space and time. In practice, many nutrient recommendation 
frameworks use a mass balance approach that considers the predominant pools of 
nutrient supply and demand and represents complex flux processes as fractions of 
pools that can reasonably be considered as interacting within the context of a crop 
season or short sequence of crops for which a management intervention is planned. 
Thus, the dimension of real time is effectively removed as a direct variable. In the 
literature, this approach has been most explicitly described for N and directly applied 
to N management (Stanford 1973; Morris et al. 2018), but the approach is generic 
and can be applied to any nutrient. In comparing the basic information required for 
optimizing both yields and fertilizer recovery as identified for N by Stanford (1973), 
commonalities for K include: 


1. For plants or crops that attain the yield expected for a given environment, the 
internal requirement for K newly taken up from the soil (plant K or Kpjant: 
Fig. 1.1, pool 6) assessed at the point of maximum accumulation and inclusive 
of all plant tissues including roots (Fig. 1.4). 

2. The amount of K that a plant or crop can obtain from the plant-available 
indigenous soil K supply (Kgoi1). 

3. The understanding that the quantity of fertilizer applied (Kye) must be higher 
than the difference between Kpjant and Ks, to reflect the reality that recovery 
efficiency of fertilizer will most likely be reduced from 100% by a variety of 
practical management considerations and common soil and other environmental 
conditions. 


For K, the basic Stanford equation is 
Kren = (Kplant — Ksoit) /EFert (1.1) 
Or by rearranging 
Kren X Efer = Kpiant — Ksoil (1.2) 
where Efex is the efficiency with which the K fertilizer is maintained as available for 


uptake by the plant or crop (i.e., if 75% is taken up within the growing season, then 
Eper = 0.75). 
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Fig. 1.4. (a) Total quantity 
of aboveground K 
accumulation and (b) the 
corresponding rate of 
accumulation by soybean 
(Glycine max (L.) Merr.) 
shown as a function of crop 
growth stage from 
vegetation emergence 

(VE) through physiological 
maturity (PM). Generalized 
curves are derived from 
Fernández et al. (2009) 
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1.4.1 Exploring and Characterizing Kpn: Understood 


and Easily Assessed? 


Potassium in plants performs an important array of functions, ranging from enzyme 
activation to its outstanding role in plant-water relations that drives everything from 
cell extension to the functioning of stomates and control of leaf gas exchange 
(Marschner 2012). Indeed, it is the wide diversity of functions as well as the high 
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quantities of K required by plants along with an apparent lack of toxicity effect at 
high tissue K concentrations that make plant K requirement particularly difficult to 
determine. When grown in soil with abundant K supply, luxury consumption of K in 
vegetative tissues and fleshy fruits can occur. Thus, identifying robust, species- 
specific values for Kpjant requires rate studies conducted in representative environ- 
ments where results clearly delineate Kpianı at K sufficiency versus K excess 
conditions. 

At sufficient but not excessive soil K supply, plant uptake in annual crops is 
roughly sigmoidal, with peak accumulation in aboveground tissue occurring at or 
before physiological maturity (Fig. 1.4a) and often well before actual harvest when 
some senescence of vegetative tissues has typically already occurred. For example, 
both Fernández et al. (2009) and Gaspar et al. (2017) document the relatively low 
level of K accumulation occurring during vegetative growth of soybean (Glycine 
max (L.) Merr.), followed by large increases in aboveground K during reproductive 
growth. In determinate annuals, this pattern may be shifted such that much of the 
uptake occurs prior to reproduction (e.g., maize; Ciampitti et al. 2013; Wu et al. 
2014). The Fernandez et al. work (2008, 2009) also documents both the influence of 
soil moisture on temporal patterns of K accumulation and the importance of K rate 
studies to accurately determine Kpjant (Fig. 1.5a). In this example, rainfed soybean 
experienced a pause in K accumulation during seed development that corresponded 
with a 10-day period with «5 mm rainfall. During this time, gravimetric soil 
moisture content fell to «0.15 g g ' in the surface (0-20 cm) soil, well below 
field capacity (25 g g !). Further, soybean grown on high-testing soils, with 
290 mg K kg"! in the top 10 cm of the profile, accumulated >50% more Kpiant by 
R6 than did soybean grown on medium-testing soils (135 mg K kg ), although 
yields and K removal in seed were the same on the high- and medium-testing soils. 

In annuals, Kpiant, the plant's K requirement for new uptake from the soil for 
optimal growth throughout the growing season, is essentially the same as the total 
quantity of K in plant tissue (roots plus shoots, KTotpiant). It is important to note that, 
in practice, most of the characterizations of Kpjant for annual grain, seed, and forage 
crops reflect measurements made on aboveground tissues (e.g., Fernández et al. 
2009; Gaspar et al. 2017) with an assumption that belowground K in fibrous and 
taprooted root systems is relatively minor in comparison to quantities required by 
aboveground tissues. Although reports of root K contents are sparse and values are 
prone to variation due to experimental artifacts, Barber (1995) suggested that, in 
general, concentrations of K in roots are similar to that in shoots. If true, shoot K 
content and biomass shoot-to-root (S:R) ratios can be used to estimate root 
K. Studies of dry matter partitioning are also sparse but report that K in annual 
root systems may range from much less than 10 to over 20% of Kpian: Amos and 
Walters (2006) integrated results from 45 studies on maize root biomass and 
identified anthesis as the point of maximum root biomass (31 g plant!) and a 
mean S:R dry weight ratio of 6:3 at physiological maturity, but variation among 
studies was pronounced. These authors also reported that several field studies had S: 
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Fig. 1.5 Potassium 

accumulation in (a) soybean 

(Glycine max (L.) Merr.) 200 
and (b) Miscanthus x 
giganteus (Miscanthus x 
giganteus J. M. Greef, 
Deuter ex Hodk., Renvoize). 
Error bars indicate the 
standard deviation (a) and 
error (b) of the mean. All 
aboveground tissues of 
soybean were pooled from 
plots with above optimal 
(high), optimal (medium), 
and deficient (low) K 
fertility status (modified 
from Fernandez et al. 2009). 
Miscanthus data were 
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Rs of «5 at maturity. In contrast, a recent field study of maize hybrids from the 
1950s to the present day reports S:Rs of approximately 10 and 25 at tasseling and 
maturity, respectively (Ning et al. 2014). Amos and Walters (2006) noted an array of 
factors from genetic and environmental to sampling method artifacts can influence S: 
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Rs. Studies on soybean and wheat S:Rs at or near maturity are also variable (e.g., 
soybean 5.3 (Mayaki et al. 1976) and 11 (Brown and Scott 1984); wheat 5+ 
(Hocking and Meyer 1991) and 13 (van Vuuren et al. 1997)). 

For crops with large underground storage organs that are the harvestable yield, 
the storage organs are generally included in Kpjant determination although fine roots 
are not (e.g., potato (Solanum tuberosum L.), sugar beet (Beta vulgaris L.), and other 
vegetables (Greenwood et al. 1980)). For perennial crops and trees, the K that a plant 
must newly acquire from soil for a given growing season (Kpjant) is different from 
total plant K accumulation (Kpjantrot)- In perennial crops, total plant K accumulation 
includes both new K uptake (Kpjan,) and K that is internally recycled from storage 
organs within a production cycle (Kyyans). To find Kpjant, the internally recycled K 
must be subtracted from total K accumulation, according to Eq. (1.3): 


K piant = (K PiantTot € K trans) (1 3) 


For Miscanthus x giganteus (Miscanthus x giganteus J. M. Greef, Deuter ex 
Hodk., Renvoize), a high-biomass grass that can be used for cellulosic bioenergy 
production, Burks (2013) found that root reserves (primarily in rhizomes) could 
account for 58% of the 175 kg K ha ! required for the first 2 months of shoot growth 
(Fig 1.5b, April-May). However, despite continued large accumulations of K in 
leaves and stems, K root reserves were partially replenished during the remaining 
summer months suggesting new uptake of soil K from June to August contributed to 
both above- and belowground K status. Additional important points about Kpiant 
illustrated by this study include (1) the high degree of variation (large standard error 
values) in K requirement of vegetative tissues and (2) the challenges of using time 
series snapshots to fully characterize Kpiant from the perspective of organ- or tissue- 
level mass balances. In theory, a more nuanced expression of Kpjan, could capture the 
sum of the specific demands of n different organs or tissues where 


n 


Kptant = 5 (KorganTot, = Krans; ) (1 4) 
i=l 


and Koo; is the specific K requirement of every “ith” organ and K Tyan, represents 
the portion of K received by the “ith” organ from any plant part that can temporarily 
store K. In practice, sequential mass balance measurements such as those made by 
Burks (2013) cannot easily distinguish on an organ basis whether accumulating K 
comes from new uptake or internal translocation. Thus, expanding Eq. (1.3) to 
Eq. (1.4) to represent internal K allocation at an organ level would likely do little 
to improve estimates of Kpiant when the purpose is to identify the general require- 
ment of a plant or crop for new K uptake from soil for a specific season or cropping 
cycle. 

Two additional plant K fractions are relevant to a mass balance approach to 
developing a fertilizer rate recommendation: the K removed with the harvested grain 
or organ (Kyary) and the K in any plant residues that are returned to the soil (Kunpary, 
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discussed below with Ksoi). In recommendation systems that seek to raise Ksoi to 
sufficiency (e.g., Ksoi = Kpiant) and maintain it at this level, Kyary is used to directly 
estimate Kg, for applications to soils at K sufficiency or above (e.g., Vitosh et al. 
1995). Historically, it has often been assumed that the fraction of Kpjant that is in the 
harvestable yield is constant and therefore the yield mass can be used as a proxy 
measure for Kpjant- For grain crops, seed K contents are highly conserved, and, thus, 
grain yields once adjusted to a standardized moisture contents can be used as a robust 
proxy measure of K removal in grain crops, provided crops are K sufficient (e.g., 
Brouder and Volenec 2008). In contrast, when the economic yields are vegetative 
tissues or fleshy fruits, harvested dry weights provide much less precise estimates of 
Kyan (e.g., Miscanthus (Fig. 1.4b), Burks 2013; switchgrass (Panicum virgatum L.), 
Woodson et al. 2013)). For annual grains, low and highly variable harvest indices 
(HI) for K (K content of grain divided by Kpjan,) limit the use of simple back 
calculations of Kpjant where 


Kpian = f (Grain Yield) (1.5) 


For N, the presumption of this relationship coupled with additional, simplistic 
assumptions about proportionality between the optimum fertilizer rate and plant N 
requirement led the Stanford (1973) model to be dubbed a yield-based approach to 
fertilizer recommendations. However, recent, rigorous analyses of the Stanford 
model have highlighted the pitfalls of reducing a mass balance understanding of a 
nutrient cycle to a recommendation largely derived from estimation of attainable 
yields or yield goals. Morris et al. (2018) note that, while logical to farmers, yield 
goal recommendations for N are limited by uncertainties in predicting realistic 
yields, relationships between uptake and yield, soil N supply, and important inter- 
actions among genetics, management, and environment. For K, the early emergence 
of soil testing as a tool for K management shifted the focus of historic recommen- 
dations away from yield goals as a major driver of Kg calculation. However, as K 
recommendations are revisited, agronomists should be mindful that similar uncer- 
tainties can be expected to plague such an overly reductionist approach to deriving a 
recommendation for Kre, from the K cycle (discussed further below in Sect. 
1.4.4.1). 


1.4.2 Exploring and Characterizing Kso: Was Bray Right? 


In his original report on a sodium acetate-nitric acid procedure for K in soils, Bray 
(1932) commented that the amount of replaceable K (easily exchangeable surface- 
adsorbed K, Ksur (pool 9, Fig. 1.1)) in soils was generally considered to be a source 
of K to the soil solution and therefore available for plant growth. Although he noted 
other factors potentially influencing soil K that is "given up to the soil solution" (e.g., 
base cation exchange capacity), Bray identified replaceable K as the most important. 
This assumption remains the foundation for most K recommendations that involve 
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soil testing. Indeed, much of the subsequent research conducted in the intervening 
decades has focused on relating simple chemical tests characterizing the quantities of 
K released from solid phases by an exchanging or displacing cation (Kgxch} common 
exchanging cations are sodium (Na*) and NH4”) to fertilizer requirements (Bray 
1944; Chap. 8). This approach results conceptually in a two soil-pool model (Fig 
1.3b) and the associated common misperception that 


Kgoi = Ksurt = Kexch (1.6) 


where Kg, is converted from a concentration measured by the chemical test to a 
mass of nutrient per unit land area by multiplying it by the approximate mass of a 
furrow slice of soil. In the USA, historic tabular recommendations often used the 
furrow slice conversion (mass of soil to depth of 20 cm (8 in)) interchangeably with a 
measured concentration (e.g., Vitosh et al. 1995). However, in reality, plant roots 
may not access all K in the furrow slice, and they may also access K from deeper in 
the soil, reflecting root distribution patterns (Chap. 8). Traditionally, recommended 
assays for Kg,., have followed extensive field work to identify good correlations 
with crop response to K fertilizer. Normally, the recommended procedures do not 
separate out the quantity of soluble or solution-phase K (Ksom; Fig. 1.1, pool 8) 
because the amount of Kso is generally minor when compared to the amounts of 
Ksure (Doll and Lucas 1973; Knudsen et al. 1982). For example, an analysis of 
selected US soils found quantities of Kso varied between | and 30+ mg K kg! soil 
under well-moistened conditions, while corresponding Kg, levels ranged from 
approximately 20 to 850+ mg K kg! soil (Brouder 2011). Regardless, K measured 
in a soil test of Kexen (STKgxch) is not the total Kexen or an estimate of the 
quantitative sum of Ksurf and Kgoj, but rather an index of the fraction or efficiency 
of this pool (Egxcn) that can be accessed by crop roots during a given growing season 
of crop cycle where 


STKgxch = Kgxch x Exch (1.7) 


A large body of subsequent research generally supported Bray's assertion of 
Kexch as the primary tool to assess Ksoi for many soils, but contradictory studies 
showing poor correlation between crop uptake and yield and various measures of 
Kexch have also frequently occurred. For example, K studies of cotton grown on 
vermiculitic soils in CA, USA, found relatively poor relationships between yield and 
Kexen (NH4Cl-extractable K; Cassman et al. 1989). Related work demonstrated that 
K;oii could be better predicted from assays targeting the soil solution's relationship to 
the nonexchangeable soil K pools (Kwosgxcn; Cassman et al. 1990; Brouder and 
Cassman 1994). Similarly, in a recent examination of soil K supply in US Midwest 
maize production, Navarrete-Ganchozo (2014) found Kexen to be an insensitive 
predictor of soil K balance. This long-term K rate study demonstrated that, for 
some soils, the regionally accepted protocol for assessing Kg; (NH4OAc-Ext.; 
Brown 1998) failed to find differences in surface (0-20 cm) soil K dynamics, 
although cumulative crop K balances ranged from more than —400 to 400 kg K ha ^! 
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Fig. 1.6 Change in ammonium acetate extractable K (NH4OAc-Ext. K) in surface soil (0-20 cm) 
between 1997 and 2010 plotted for two fields (S4 and S5) as a function of the net K balance 
(cumulative fertilizer K applied minus K removed in grain yields). Fertilizer K was added annually 
and biennially for cumulative applications ranging from 0 to 900 kg K ha! with all applications 
ending in 2002. (modified from Navarrete-Ganchozo 2014) 


(Fig. 1.6). Such soils require expanding the characterization of Ks,; to be inclusive 
of any net contributions (flux from > flux into) from interlayer K, structural K, 
and/or K in neoformed secondary minerals (Fig. 1.1, pools 10-13). 

The theoretical function for the sum of soil pools “j,” where “7” represents pools 
10 to 13 in Fig. 1.1, follows that for Kexen (Eq. 1.7), where for each pool j, there is a 
quantity available (K;) and an efficiency factor (Ej) to characterize the fraction of the 
use of pool “7” by the plant, crop or crop sequence in the growing season/cycle. The 
sum of the products of quantities and fractions for all for pools should represent the 


fraction of KNonexch that is plant-available and accessed by plant roots: 


j=pool 13 
K NonExch = 5 K; x Ej (1.8) 
j=pool 10 
and 
Ksoi = STKeExch + KNonExch (1 .9) 


It should be noted that although Kyonexch has frequently been identified as an 
important contributor to Ksoi, the contributions of specific pools have been inferred 
from the soil test assays that have correlated well with plant or crop performance and 
from general knowledge of soil mineralogy. For example, chemical boiling in strong 
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acid (1 M HNOs) has been used to measure KyoneExch (Knudsen et al. 1982; McLean 
and Watson 1985) and has frequently been inferred as releasing fixed K from 
interlayer locations, but it may also cause dissolution of K-bearing minerals (Barber 
and Matthews 1962; Martin and Sparks 1983). From a routine soil testing perspec- 
tive, considering a framework that uses a two soil-pool model based on STKg,. and 
an additional, routine or periodic test for potential contributions of KNonexch tO Ksoin 
(STKNonExch) may be feasible where 


Ksoil = f(STKexch, STKnonzExch) (1. 10) 


where STKnNonkExch is evaluated from a quick chemical assay of potential seasonal 
contributions of soil pools 9-13 (Fig. 1.1) to Kgoj, and therefore seasonal crop 
uptake. Although selection of STKNonExch based on mode of action could render 
this approach tailorable to soils with differing mineralogies, further partitioning of 
KNonkExch for attribution to a specific K pool may be of little practical value while 
adding significantly to analytical costs. 

Alternatively, as proposed by Cassman et al. (1990), a two-pool model for 
K-supplying power could focus on the relationship between Kso concentrations 
and buffering power as assessed by a STKyNonexch single-point assay or fixation 
isotherm such that 


Koil = f(STKsan. STKnNonexch) ( 1.11 ) 


where STKsoin could be assessed by an assay of K concentration in saturated paste or 
diluted soil solution extractions (Rhoades 1982) such as 0.01 M CaCl, as proposed 
by Cassman et al. (1990). In theory, this last approach could approximate soil buffer 
capacity or the “quantity-intensity” relationship—the ability of the solid phase to 
replenish solution concentrations depleted by root uptake. In practice, single point 
measurements of STKs;;, and STKnonExch provide only static insights into relative 
concentrations at the time of measurement and do not necessarily give insights into 
dynamic interactions among pools. At a minimum, the latter would require multiple 
assessments over time, and cost would scale accordingly. As Chap. 8 discusses, the 
mixed bed cation-anion exchange resin method provides a strong sink for K and can 
be used to estimate the rate of solution K replenishment in response to depletion by 
plant uptake. In most regions where soil testing has been developed for the purposes 
of making a K recommendation, STKsoin and STKnonExch tests have been used to 
explain the failure of STKg,. to predict yield and fertilizer sufficiency but have not 
been subject to the extensive field correlation-calibration efforts necessary to 
develop them as the foundation for a recommendation. Regardless, current incon- 
sistencies in the ability of potential routine measures of Ksoim and Kyonexch to 
improve recommendations with or without Kexen as a covariate suggest that other 
covariate measures are needed for accurate prediction of Ks; from soil testing 
information (e.g., Eqs. 1.10 and 1.11). 
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1.4.3 Exploring and Characterizing Kp,,, and Epere 
Important but Generally Overlooked? 


In general, understanding Eg, has been much less of a research concern for K as 
compared to N or P, not because Kr, cannot be lost from or retained by soil, but 
because unrecovered K fertilizer has not been identified as an environmental pollut- 
ant. Most commonly available inorganic K fertilizers (soluble K salts of chloride, 
nitrate, or sulfate) dissolve rapidly in water, and insolubility, per se, is not considered 
an availability issue outside of multi-nutrient mixtures for fertigation. Thus, the K 
content of an inorganic fertilizer can be expected to appear in the soil solution 
(Fig. 1.1, pool 8) very rapidly after application, provided soil conditions are not 
too dry. Likewise, K introduced to soils in organic materials is also in the K* form 
and should appear rapidly in the soil solution as materials leach. The microbial 
mineralization-immobilization activity that confounds N recommendations is not a 
consideration. Thus, the major processes with potential to routinely reduce efficiency 
of fertilizer application are erosion and runoff (Kerode, pool 4), leaching below the 
root zone (Kteach, pool 5), and internal sink processes of fixation (Kpixea) into 
interlayer sites (pools 10 and 11) or precipitation (Kpyecip) as neoformed secondary 
minerals (pool 13). Thus: 


Even = (Kren Keach — KErode — K Fixed Kprecip) / Kren ( 1.1 2) 


An early review of the literature suggested Kpfen leaching losses to be negligible 
on silt loam and heavier textured soils in US states of the Midwest and West 
(Munson and Nelson 1963). Even when such soils require subsurface agricultural 
tiles to improve drainage, losses of applied K appear low. Bolton et al. (1970) 
reported mean annual K concentrations of 0.95 and 1.23 mg L^! in drainflows of 
unfertilized and fertilized plots, respectively, with corresponding load losses of 0.6 
and 1.1 kg K ha! year !. More recent work found similar drainflow concentrations 
with no apparent impact of inorganic fertilizer rate (0 vs. 260 kg K ha !), source 
(manure vs. KCl), or cropping system (Fig. 1.7). However, applications to sandier 
soils are much more susceptible to leaching with the magnitude of loss expected to 
be proportionate to percolate volume with fluctuations reflecting timing, quantity 
and intensity of rainfall events, and quantities of K added (Bertsch and Thomas 
1985; Chap. 3). Likewise, highly weathered tropical and subtropical soils are subject 
to higher leaching losses (Malavolta 1985), and quantities of Kre lost to leaching 
are likely widely variable. For such situations, soil fertility textbooks suggest that 
losses of 3096 or more may occur without management to reduce loss, such as lower 
annual rates or split applications (e.g., Havlin et al. 2014), but peer-reviewed 
literature reports remain sparse. 

Similarly, Kfen lost to erosion and surface runoff can be impacted by the nature of 
precipitation events as well as by field slopes, fertilizer placement, and degree of 
incorporation. In 1985, Bertsch and Thomas (1985) characterized K losses to erosion 
of temperate soils as understudied and perhaps of greater magnitude than expected. 
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Fig.1.7 Daily concentration in tile drainflows at the Purdue University Water Quality Field Station 
in 1998 and 1999 calendar years. Inorganically fertilized continuous corn (C-C; 20 treatment plots) 
and corn-soybean (C-S; 24 plots) rotations received 260 kg K ha! as KCl in May 1999. Data for 
C-C plots receiving regular fall or spring applications of swine manure (C-C man; 8 plots) and an 
unfertilized restored prairie (no K Pr., 4 plots) are also shown. Sample number varies from 
159 (no K Pr., 1998) to 987 (C-S, 1999) daily observations; box plots show 25th, median, and 
75th percentile values, error bars indicate 10th and 90th percentiles, and solid circles are Sth and 
95th percentiles. Inset table shows the mean soil test levels in the fall of 1998 and the change 
measured in the subsequent fall 1999 sample. (Brouder, unpublished data) 


While not suggesting any specific proportion of Kp. lost by this mechanism, these 
authors noted that conservation tillage should be helpful in reducing losses. In their 
chapter on K, Havlin et al. (2014) neither show Kg,oge as a loss mechanism in their 
rendition of the K cycle nor discuss it in their text. In general, it appears little effort 
has been put into understanding Kgroae as a significant factor reducing the efficiency 
of Kfert, although it may be an important consideration under an array of environ- 
mental and management conditions. For further discussion of Kyeach and Kgrode, see 
Chap. 3. 

Unlike Kg,;4., much attention has been paid in the literature to Kpixea, especially 
in STKg,4 correlation-calibration studies when fertilizer rates well in excess of 
Kuyay do not appear to build STKg,., as expected. For example, in the classic 
Cassman work discussed above (Cassman et al. 1989), cotton (Gossypium hirsutum 
L.) grown on soils with a history of intensive cropping without K fertilization was 
deficient in K but failed to respond to moderate rates of Kg,4. With repeated K 
additions, these authors observed an increase in apparent Ky. uptake efficiency, 
which they attributed to partial saturation of K fixation by earlier fertilizer applica- 
tions. Likewise, Navarrete-Ganchozo (2014) demonstrated that on K-fixing soils, the 
residual value of Kg, was unobservable several years after halting aggressive 
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fertilizer additions even though large positive input balances remained (Fig. 1.6). As 
reviewed by Brouder (2011), when K is added to soils with 2:1 layer silicate clays 
(e.g., weathered micas, smectite, and vermiculite), nonhydrated K can fit into spaces 
between interlayer surfaces of clay mineral silicate sheets. In minerals with high 
charge density, K fixation between adjacent sheets can stabilize the overall structure 
and depress subsequent release of Kpixea (Barber 1995). Factors decreasing the 
extent of K fixation include the presence of oxide precipitates on clay surfaces or 
in interlayer positions (e.g., Rich and Obenshain 1955; Horton 1959; Rich and Black 
1964; Page and Ganje 1964), increased soil organic matter, especially mobile humic 
acid fractions (Cassman et al. 1992; Olk and Cassman 1995), and NH,* addition 
(Bolt et al. 1963; Lumbanraja and Evangelou 1992; Brouder and Cassman 1994). In 
contrast, wet-dry cycling can drive net K movement into fixed positions, thereby 
reducing fertilizer efficiency (OIk et al. 1995; Zeng and Brown 2000). 

Not surprisingly, in regions with long histories of soil test calibration work, 
suggestions to assess Kyixeq have focused on the same assays proposed for under- 
standing of contributions of KNonexch to Kgoi (discussion of Eqs. 1.10 and 1.11). For 
example, Murashkina et al. (2007) examined the standard NH4OAc-Ext assay for 
STKgxch, a modification of the K isotherm method (Cassman et al. 1990), the 5-min 
sodium tetraphenylboron (TPB) assay, and soil texture with the goal of developing a 
quick test for routine determination of Kp;;,4. Because it involves a precipitation 
reaction that removes K from the soil solution as a sink (like a root would be), the 
TPB extraction has been advanced as a more mechanistic protocol when compared 
to strong acid extractions (1 M HNO3) (Cox et al. 1999). Similarly, Murashkina et al. 
(2007) found the modified Cassman method was a rapid and reliable method for 
predicting fixation potential, while TPB was identified as useful with a measure of 
STKegxcn to predict K already fixed or a reduction in fixation potential. It is important 
to note that isotherm assays cannot distinguish between the mechanisms of K loss 
from the soil solution to Kfixea and Kprecip much as TPB or strong HNO; extraction 
cannot distinguish among pools contributing to Kyonexcn. Regardless, despite 
research identifying protocols to assess Kpixeq and/or Kprecip, recommendation 
frameworks have yet to be modified to include an explicit consideration of these 
measures in an estimate of Eper- 

Finally, K returned in unharvested residues (Kunuarv) is significant and should 
reduce Kye, when compared to a system where residues are removed. But the 
efficiency of this return is understudied, and the Kunnary fraction has been largely 
ignored as an explicit factor in recommendation frameworks. It is interesting to note 
that Stanford (1973) did not explicitly consider N returned in residues even though N 
management research focused on residue N contributions to subsequent crops was 
already being actively pursued. For example, Shrader et al. (1966) had demonstrated 
that maize (Zea mays L.) following oats (Avena sativa L.), meadow, and soybean 
acquired >80 kg N ha ' in fertilizer equivalent from the residues when compared to 
maize grown without rotation. In their comprehensive expansion of Stanford's 
equation, Morris et al. (2018) explicitly include a fertilizer equivalent factor for 
the soil N supply attributable to the legume and an efficiency factor for the fraction 
that may be taken up by the plant. 
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In living plants, K is not metabolized and forms only weak complexes in which it 
is readily exchangeable (Wyn Jones et al. 1979). Thus, Kunnarv left on or in the soils 
in residues will be returned to the soil solution as the tissues decompose. KynHary can 
represent a significant input for the next crop in a rotation. For example, modern 
maize and soybean varieties can return quantities of K ranging more than 40-200 
and 80-150 kg K ha, respectively, depending on growing conditions and degree of 
luxury consumption (Fernández et al. 2009; Wu et al. 2014; Gaspar et al. 2017; 
Zhang et al. 2012). As discussed above (Sect. 1.4.1), K HI in grain crops can be 
expected to be highly variable. Wu et al. (2014) report K HI values ranging more 
than 0.1 to 0.45 for maize grown under optimum and super-optimum soil K 
(CV = >25%). Thus, the limitations of using grain dry matter yields to estimate 
Kpiani (Eq. 1.5; Sect. 1.4.1) extend to estimating Kunnar. Further, research to date is 
insufficient to determine whether Eg, for inorganic fertilizers and manures could 
also apply to residues. In temperate systems with conservation or no-tillage, sparse 
data suggest as much as 80 and 90% of K in maize and soybean residues at the soil 
surface, respectively, may be leached from the residue by planting time in the 
following spring (Oltmans and Mallarino 2015); presumably the remaining residue 
K will be leached from the residue within the growing season. Once residue K enters 
the soil solution, factors that reduce the efficiency of added K (Kj cn. KErodes KFixea> 
and Kprecip) can be expected to be similar to those affecting Kfen. However, how 
residue is handled will likely impact losses in surface runoff. Simulated rainfall 
studies suggest K concentrations in runoff could initially be substantially higher 
from no-till soybean fields compared to conventionally tilled soybean fields (Bertol 
et al. 2007), but typical erosion-related losses of Kunuary for common residues and 
their managements are largely unknown. 

In sum, with the caveat that almost all the Ky,j4,, enters the soil solution, the 
basic Stanford equation (Eq. 1.2) can be expanded for K to 


Exadded X (Kren + Kuna) = Kptant — Ksoit (1.13) 


where a generic efficiency factor (Exaddea) applies to both Kg, and Kunnarv. Then 
Kgert 1s estimated as 


K Fert = [(Kpiant = Ksoii) ze Exadded] ae KunHarv (1.14) 


As indicated by the discussion above, Exddea is challenging to measure directly 
and has been approximated as apparent crop recovery efficiency (REx; Cassman 
et al. 2002). At a minimum, determination of this factor requires omission plots to 
compare Kg,j to total plant uptake (Kgoj + x) at a specific fertilizer rate “X” (KFertx), 
using Eq. (1.2) rearranged as 


Exadded & REx = (Ksoit+-x — Ksoi)/ Krenx (1.15) 


This approach aggregates the disparate impacts of crop-specific KunHarv, soil 
mineralogy, and agroecozone environmental parameters that can influence Ey Aqaea 
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(Chaps. 4 and 5). With enough data, this differential approach could permit identi- 
fication of categorical classes for Exaddea for routine use in recommendation frame- 
works. To date, however, existing data resources are too fragmented and incomplete 
for a robust implementation of this approach. Many K rate studies have not assessed 
Kpiant (as discussed in Sect. 1.4.1). Still, analysis of existing data might be sufficient 
to determine if this approach to understanding efficiency could be useful in an 
expanded mass balance recommendation framework. 


1.4.4 Potassium Recommendations Without Soil Tests 


Although soil tests are widely employed as the basis for K recommendations, there 
are many places and circumstances where they are not used. Soil testing services are 
not ubiquitous, and many areas do not have the needed facilities, logistics, or quality 
control mechanisms in place. Additionally, even when soil testing is available, a 
particular farmer may have no recent soil test information in hand at the time when a 
recommendation needs to be made. There are also situations where soil tests, even if 
available, do not provide reliable diagnostic information. We discuss two K recom- 
mendation approaches that can be used either with or without soil test information. 


1.4.4.1 Recommendations Based on Nutrient Removal 


When plant biomass is removed from a field, the K contained in that biomass is also 
removed. To maintain K levels in soils, K needs to be added to replace the K 
removed (Ky). A maintenance fertilizer rate is the amount of K that replaces 
K removed by crop harvest. This rate can be expressed as Kpert = Kyarv. Ideally, 
removal is measured by analyzing samples of the harvested biomass for dry matter 
content and nutrient concentration. Most common, however, is to estimate the 
quantities of K removed, using average values of K concentrations (KAveconc) 
published in recommendation guidance documents, such as Vitosh et al. (1995) 
and Mallarino et al. (2013). In production settings, these averages are typically 
treated as constants. The maintenance rate is estimated akin to Eq. (1.5) as 


Kret = Kua = (Yield) X K AveConc (1.16) 


As discussed in Chap. 3, treating KAveConc as a constant does not acknowledge 
any variability, leading to maintenance rates that may not accurately replace the K 
that was removed by harvest. 

Maintenance rates are necessary for sustaining soil K levels; however, as Olson 
et al. (1987) observed, they do not consider the economically optimum rate of K for a 
given cropping season. To examine the implications, we look at two scenarios at 
opposite ends of the spectrum. 
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First, we consider the case when levels of plant-available K in soil are already 
adequate or nearly adequate for expected levels of crop production. In this case, the 
cost of K applied at maintenance rates will not be profitable for that season, since the 
yield and revenue increases needed to recover the costs will not be realized. Farmers 
who own the land that is fertilized may have sufficient capital and long-term soil 
management objectives to absorb this cost in the short term to realize the longer-term 
gains of sustained soil fertility and crop productivity. However, if the farmer who is 
paying for the fertilizer is renting the land, and the rental agreement does not have 
provisions for the farmer to recover this cost, then the landowner, not the farmer, will 
be the one to gain from the maintenance application. 

Second, we consider the case when levels of plant-available K are very low. In 
this case, a maintenance rate may be too low to realize the fully attainable crop 
responses and revenue increases. In recommendation approaches using algorithms to 
optimize net returns in one cropping season, recommended K rates can be above 
maintenance rates (calculated from Kaiser et al. 2018). Using maintenance rates in 
this scenario leads to two missed opportunities: (1) realizing the full yield and 
revenue increases possible and (2) increasing soil fertility for the subsequent season 
or seasons. When application rates exceed maintenance rates, the K supply in the soil 
increases, assuming that there are no losses to pools 3—5 or 10 in Fig. 1.1. 

Maintenance rates have been combined with soil test information in some 
recommendation systems (Vitosh et al. 1995). In those algorithms, they are 
recommended when levels of soil fertility have reached levels that are considered 
optimum for crop production. 


1.4.4.3» Recommendations Based on Plant Nutrient Uptake and Yield 


Perhaps the most well-developed approach that can be used with or without soil test 
information is the Quantitative Evaluation of the Fertility of Tropical Soils 
(QUEFTS) model (Janssen et al. 1990). It was designed as a land productivity 
evaluation tool, with predicted maize yield as the primary model output. Yield was 
predicted from both quantities of potentially available soil nutrients and plant 
nutrient uptake (originally developed for N, P, and K). QUEFTS was developed 
from data from Kenya but has since been widely used as a framework for K 
recommendations in other countries and for a variety of crops, including banana 
(Musa spp.; Nyombi et al. 2010), cassava (Manihot esculenta Crantz; Byju et al. 
2012), maize (Zea mays L.; Janssen et al. 1990), oilseed rape (Brassica napus L.; 
Cong et al. 2016), peanut (Arachis hypogaea L.; Xie et al. 2020), potato (Kumar 
et al. 2018), radish (Raphanus raphanistrum subsp. sativus (L.) Domin; Zhang et al. 
2019), rice (Oryza sativa L.; Witt et al. 1999), soybean (Jiang et al. 2019), sweet 
potato (Ipomoea batatas (L.) Lam.; Kumar et al. 2016), taro (Colocasia esculenta 
(L.) Schott; Raju and Byju 2019), and wheat (Triticum aestivum L.; Chuan et al. 
2013). These crops rely on new uptake of nutrients from the soil during the season to 
meet most, if not all, of their total uptake requirements. To our knowledge, tree crops 
have not been evaluated with QUEFTS, likely because of the logistical challenges of 
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measuring uptake. We could also find no examples where perennial forages were 
evaluated with QUEFTS. 

QUEFTS models how the potentially available soil supplies of three nutrients 
interact to affect total uptake and yield. Using N, P, and K as an example, the uptake 
of K is predicted from potential soil supplies of K and N; then it is predicted a second 
time from potential soil supplies of K and P. The lower of the two K uptake estimates 
is used, since it is considered to be more efficient (Witt et al. 1999) and limits the bias 
introduced by luxury consumption. From this lower uptake, two yield estimates are 
made, based on lower and upper boundary lines encompassing observations (usually 
numbering in the hundreds) of K uptake and yield. The slope of each boundary line 
is yield divided by total nutrient uptake. This slope is termed "internal efficiency." 
The upper boundary line represents yields associated with maximum K dilution, and 
the lower boundary line represents yields associated with maximum K accumulation. 
The creation of paired boundary lines is repeated for the other two nutrients. A 
systematic comparison of all yield estimates, considering two nutrients at a time, 
results in a final, average yield estimate. 

Liebig's law of the minimum is a fundamental concept in the way QUEFTS 
evaluates nutrient interactions. Yields are limited by the most limiting of the three 
nutrients. For a given yield, if total K uptake is lowest (maximum dilution), and 
uptake of N and P are higher, then K is considered yield-limiting. If total K uptake is 
highest (maximum accumulation), then one or both of the other nutrients may be 
limiting, or luxury consumption may be occurring. The model makes it possible to 
determine optimum uptake levels of nutrients that keep any one nutrient from being 
limiting (Witt et al. 1999). 

When QUEFTS was developed, it relied on soil tests as measures of potentially 
available soil nutrients. Interestingly, the predictor of potentially available K supply 
was not exchangeable K alone, but exchangeable K combined with pH, organic 
carbon, and cation exchange capacity (Janssen et al. 1990). In a later application of 
the QUEFTS model to irrigated rice systems, Dobermann et al. (1996) developed the 
concept of effective soil K-supplying capacity. They defined it as “. . the amount of 
K a crop takes up from indigenous resources under optimum conditions—i.e., when 
all other nutrients are amply supplied and only K is limiting. . . ." Operationally, they 
measured it from total K uptake in rice grown where N and P had been applied, but 
not K. Analogous calculations were done for N and P. The emphasis was on the 
quantities of nutrients the plant actually took up from the soil, rather than what the 
soil could potentially provide. The collection of large quantities of nutrient uptake 
data enabled the application of QUEFTS to situations where soil tests were not 
available. 

The primary measurements that are needed by QUEFTS are yield, uptake, and 
rates of fertilizer applied. In experimental trials, to calculate the effective soil nutrient 
capacities of each nutrient, three treatments are required: one that omits N (PK plot), 
another that omits P (NK plot), and a third that omits K (NP plot). To calculate the 
recovery efficiency of a given nutrient (Eq. 1.15), the total uptake in the omitted plot 
(NP, for instance, or Kg oj in Eq. 1.15) is subtracted from that of the plot where all 
three nutrients were applied (NPK or Ksoi + x in Eq. 1.15) and then divided by the 
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rate of the given nutrient (K in this example or Kferx) applied in the NPK treatment. 
This data requirement of QUEFTS led to a basic four-treatment “omission plot" 
design (PK, NK, NP, NPK) that has been deployed widely, both on research stations 
and farmers’ fields. Large databases have been developed from these trials (like the 
IRRI Mega Project referenced in Witt et al. (1999)), providing proxy data that can be 
used when local data do not exist. 

Although QUEFTS was developed as a land evaluation tool, its framework has 
been expanded upon to develop recommended rates of N, P, and K. To do this, 
Guiking et al. (1995) considered the change in uptake and yield that resulted from 
applying fertilizer. Unfertilized yield was predicted from the effective soil 
K-supplying capacity—the uptake where no K was applied. Guiking et al. (1995) 
then considered what happened under fertilization. Fertilization was added to the soil 
K supply; however, only a fraction of the fertilizer rate (Efer or recovery efficiency) 
was taken up by the plant. By multiplying the fertilizer rate by Eper, the change in 
plant uptake was estimated. This higher uptake was then used by QUEFTS to 
estimate fertilized yield. Based on the yield increase and the quantity of fertilizer 
applied to generate that increase, economic returns could be calculated and econom- 
ically optimum rates determined through iteration. 

More recently, Pampolino et al. (2012) developed Nutrient Expert?, a software 
tool that builds upon QUEFTS to generate nutrient recommendations for cereal 
farmers. Nutrient Expert is built on a large database of data from omission trials. 
In these trials, data collected include yield, nutrient uptake, soil test information 
(where it exists), crop sequence, crop residue management practices, soil fertility 
status, and water management information. Information on farmers' existing yields 
are used as background for conducting omission plot trials. Nutrient Expert? 
integrates all of these factors to create nutrient recommendations that consider 
attainable yield levels, expected crop responses, nutrient input and output balance, 
production risks, and economic returns. 


1.5 Diagnostics Development: The Undelivered Promise 
of *Big Data" 


Before discussing pathways to improve the use of the K cycle in recommendations, it 
is informative to move beyond the existing tools (e.g., a calibrated K exchange test) 
to reflect on the process of diagnostic development and the extent to which any 
single measurement can embody all the knowledge necessary to make a decision. 
The use of soil testing as an essential tool in managing fertilizer has its foundations in 
the seminal work conducted in the 1920s and 1930s (Melsted and Peck 1973). In the 
case of soil testing-based approaches to K fertilizer recommendations, the majority 
of research focused on developing chemical extraction procedures for assessing 
quantities of plant-available K in crop rooting zones. As remarked by Colwell 
(1967), “A measurement qualifies to be termed a soil test for a particular nutrient 
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if, and only if, it provides information on the fertilizer requirement of a crop for that 
nutrient." Generally, the term correlation has been used to characterize the process of 
relating nutrient uptake and/or yields to the quantity of a nutrient extracted by a 
particular soil test, while calibration refers to the experimentation needed to charac- 
terize the meaning of the soil test result for a crop response (Dahnke and Olson 
1990). Much of the initial research on calibration of soil K tests focused on 
delineating responsive from non-responsive soils and categories for major differ- 
ences in degrees of crop response (Bray 1944; Cate and Nelson 1971; Olson et al. 
1958; Rouse 1967). Research in the latter decades of the twentieth century has 
tended to focus on the actual quantities of fertilizer needed to obtain maximum or 
profitable yields and experiments relating yields to fertilizer increments (Dahnke and 
Olson 1990; Welch and Wiese 1973). Regardless, any individual measurement must 
be underpinned by sufficient correlation and calibration research if it is to meet 
Colwell's criterion of providing generalizable information across space and time on 
a crop's fertilizer requirement. Certainly it would be surprising to identify a result 
that is universally useful and applicable. 


1.5.1 Data Limitations: Historic and Current 


The development of a robust diagnostic is inherently a “big data" enterprise; indeed 
most K measurement(s), whether soil or tissue assays, were never intended to 
embody all knowledge necessary to guide management. Common approaches and 
best practices for soil test correlation and calibration are well documented in the 
literature (Cope and Rouse 1973; Hanway 1973; Melsted and Peck 1973; Dahnke 
and Olson 1990), but recurring themes dating from the earliest of these reports are 
(1) the need for large numbers of field studies and sufficient data to quantify the 
effects of important controlled (e.g., crop or tillage) and uncontrolled (e.g., weather) 
system variables and their interactions and (2) the inadequacy of resources to acquire 
those data. In their overview of soil testing principles Melsted and Peck (1973) 
remarked on the tenuous nature of the relationship between yield and the 
corresponding level of an available nutrient in the soil. In 1967, Tisdale stated that 
research concerning soil test development was under-supported because science 
administrators viewed as low priority the “unravelling of a highly complex func- 
tional relationship existing among plant growth, plant nutrient supply, and numerous 
environmental factors.” Hanway (1973) echoed this sentiment, implying that the 
making of agronomy into a quantitative science was impeded by the ability to 
conduct "adequate field experiments to provide the data required. Such experimen- 
tation is not easy, and it is not cheap, but there is no adequate alternative." 

The hazards of small studies with sparse data include low statistical power, model 
overfitting, lack of reproducibility, and a reduced likelihood that a statistically 
significant result represents a true effect that is generalizable (Brouder et al. 2019). 
For example, a 2-year, single location correlation study produced a statistically 
significant relationship between maize yield and soil test K (STK) that implied a 
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critical level that was definitive (Fig. 1.8a). Further, access to desktop computing 
permitted easy exploration of multiple empirical models with selection of the model 
and associated critical level based on best professional judgment regarding farmer 
perceptions of risk. Analysis of the correlation data demonstrated that common 
statistical models may perform similarly in explaining the variation among observa- 
tions but identify critical levels that vary almost twofold (77 vs. 120+ mg kg '). 
Regardless, analysis across all five locations in the study demonstrated that the 
modeled correlations were not generalizable across multiple locations because 
substantial variation in relative yield was present at STK values ranging from 
80 to 180 mg kg | (Fig. 1.8b). 

For STK correlation and calibration, the lack of generalizability of significant 
small studies to other locations and across multiple years is common (e.g., 
Navarrete-Ganchozo 2014). Historically, insufficient data and overly localized cor- 
relation/calibration research combined with a lack of coordination among 
researchers contributed to the development of conflicting recommendations for the 
same or similar crop-soil systems (Tisdale 1967). In the USA, arbitrary, geopolitical 
differences in recommendations based solely on STK persist, reflecting a dearth of 
resources to collect and rigorously analyze data including important covariate and 
metadata. Additionally, lack of funding has largely restricted the evaluation of new 
soil assays to laboratory comparisons with existing protocols. New tests are being 
implemented with no or minimal field evaluation, a practice expected to introduce 
more unexplained variation among results (Gartley et al. 2002). Thus, the use of 
hypothetically important categorical (e.g., soil series, subsurface soil K supplies; 
Kelling et al. 1998) and/or continuous (e.g., cation exchange capacity; Vitosh et al. 
1995) covariates in recommendations currently lack scientific support despite the 
now almost universal availability of advanced computing to facilitate covariate 
exploration. 


1.6 Opportunities Moving Forward 


The minimal extent to which a mass balance approach has been successfully used in 
existing K recommendations—despite being the theoretical underpinning—became 
widely apparent with the advent of precision technologies. In early implementation 
of variable rate technologies, there was both a focus on K and an implicit expectation 
that collecting spatially dense soil samples and applying existing recommendations 
to soil test results would generate a soil- and crop-specific rate recommendation 
(Mulla and Schepers 1997; Wollenhaupt et al. 1997) that would be more profitable 
than a whole-field, uniform application. Subsequent research has been sufficient to 
demonstrate the fallacy in assuming the existing, generic, tabular recommendations 
can be disaggregated in a meaningful way. We have learned that key assumptions, 
such as linkages between K and CEC and standard values for anticipated STK 
changes with fertilization and crop removal, are either not universal or are generally 
incorrect (e.g., Navarrete-Ganchozo 2014; Fulford and Culman 2018; Chap. 10). 
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Fig. 1.8 Relationship 
between relative maize (Zea 
mays L.) yield and soil test 
K in surface soils (0-20 cm; 
NH,OAc-Ext) in 2005 and 
2005 at (a) one location 
(Throckmorton) and (b) five 
locations in Indiana, USA. 
(adapted from Navarrete- 
Ganchozo 2014) 
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1.6.1 Mechanistic Modeling 
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Mechanistic simulation models are intended to represent all system processes and 
attributes relevant to crop growth and development, including nutrient cycling and 
losses. To date, mechanistic models have been viewed primarily as research tools for 
hypothesis testing and predicting outcomes for the complex, system-level interac- 
tions that may occur when individual or suites of system parameters vary over their 
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known biogeochemical and physiological ranges. As such, the rigorously verified 
mechanistic model has the potential to (1) identify system parameters that drive 
outcomes (e.g., via sensitivity analysis), (2) serve as a foundation for a simplification 
that provides for limited input of the critical on-farm data necessary to a site- or soil- 
specific recommendation, and (3) identify knowledge gaps via model failure 
(Brouder 1999). Models could serve these purposes in developing improved K 
management strategies, provided the K cycling processes have been fully and 
explicitly tested. 

Modeling nutrient uptake has evolved from the seminal work of Nye and Spiers 
(1964) who developed mathematical expressions describing mass flow and diffusion 
of nutrients to a root segment, to an array of computational tools that help explain 
and predict K behavior in agroecosystems (Table 1.2). These models vary in focus, 
ranging from mechanistic models to more general integrative models with inference 
space at the ecosystem level. These models also differ in their spatial (nanometer to 
watershed) and temporal (sub-second to year) scales. Some models were purpose- 
built, with the primary goal of understanding nutrient uptake, including K, from the 
onset. This includes POTAS (Barnes et al. 1976; Zhang et al. 2007) and the Barber- 
Cushman model (Classen and Barber 1976). Other K models were adapted from 
computational tools originally developed to study other ecosystem processes. For 
example, PROFILE (Holmqyvist et al. 2003) was initially developed to calculate 
critical loads for acid deposition in forest soils but later was modified to predict K 
release as soil minerals weather. Similarly, SWAT-K, used to estimate environmen- 
tal K losses at the watershed scale (Wang et al. 2017), was developed by altering the 
Soil Water Assessment Tool (SWAT) hydrology model. Many models have under- 
gone continuous improvement while retaining the same name (e.g., DSSAT). 
Improvements in others have resulted in model rebranding (Barber-Cushman to 
NST 3.0; COMP8 to SSAND to PCATS) (Lin and Kelly 2010). Many of the most 
successful models were created by teams including expertise from both the physical 
and agricultural/biological science domains (e.g., Barber-Cushman; DSSAT). At 
least some of the early models are no longer practically available for use by 
practitioners (e.g., Barber-Cushman and NST 3.0). 

Critical to successful model development is access to data needed for calibration 
and validation. Barnes et al. (1976) highlighted the need for additional data from 
more cultivars, crop species, sites and soils to improve the accuracy and precision of 
their K and N model. Decades later, constraints imposed by limited availability of 
quality data unfortunately persist (Janssen et al. 1990; Boote et al. 1996). 
Rosenzweig et al. (2013) indicated that experimental data for most agricultural 
models tends to suffer from several common problems including: aggregation across 
sites and/or experiments, making it difficult to assign variation in agronomic per- 
formance to local climate and soil properties; absence of site-specific management 
information (e.g., metadata like planting date, pest control, tillage, soil characteri- 
zation, or cultivars); and inexplicable yield results that cannot be readily attributed to 
environment or management. Additional K datasets are still needed to validate 
models, improving their accuracy and precision and extending their inference 
space (Lin and Kelly 2010; Wang et al. 2017). Specific examples of knowledge 
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Table 1.2. Summary of some models that could be or are used to understand potassium dynamics 


in agroecosystems 


Whole 
plant and 
Fundamental/ whole soil: | Ecosystem Ecosystem 
mechanistic: Process-based: Crop scale: scale: 
soil and plant | soil and plant growth Seasonal Multi-year 
Model type | component process models timeframe timeframe 
Example HYDRUS Barber-Cush- APSIM; APSIM; AGNPS; 
models: 1-D; man; HYDRUS | QUEFTS; DSSAT; EPIC | SWAT-K; 
PROFILE 2-D; FUSSIM2; |DSSAT; OVERSEER 
continuum/ EPIC; 
multiscale; NST | POTAS 
3.0; SSAND; 
PCATS 
Spatial nm-um mm-cm dm-m m-ha-field Field— 
scales: watershed 
Temporal pis—min min-hours days- 1-12 months >12 months 
scales: months 
Examples Cation Water and nutri- | Crop Seasonal Multi-year 
of exchange pro- |ent uptake by growth, weather pat- weather and 
processes: cesses; roots; root nutrient terns; single climate; 
adsorption- growth and uptake and | crop systems, | multi-year 
desorption of | morphology; yield; cul- | double rotations; 
ions; cell nutrient concen- | tivar cropping sys- | spatial and 
membrane tration impacts effects on | tems; spatial temporal var- 
transport of on nutrient nutrient andtemporal  |iability of 
nutrients uptake; geno- uptake variability of | soil 
type and pheno- soil properties | properties 
typic expression 
Examples Soil properties: pH, organic mat- | Field-scale phenotypic and genotypic varia- 
of ter, particle size distribution, tion; soil test correlations; genotype x envi- 
parameters: | aggregation, clay mineral distri- ronment x management; linkage to 
butions; genetic and physiological | econometric crop production models 
control on nutrient use efficiency 
References: | Holmqvist Classen and Scanlan et al. (20152, b), de Barros et al. 
et al. (2003), Barber (1976), (2004), Smaling and Janssen (1993), Janssen 
da Silva Satpute and et al. (1990), Jones et al. (2003), Zhang et al. 
Santos et al. Singh (2017), (2007), Barnes et al. (1976), Wang et al. 
(2015) Heinen (2001), (2017), Wheeler et al. (2003), Young et al. 
Mai et al. (1989) 
(2019), Lin and 
Kelly (2010) 


Models are grouped by type and vary in relevant temporal and spatial scales. Typical model outputs 
and inference spaces also are indicated 
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and data needed to improve K model calibration and/or validation include regulation 
of K luxury consumption, K adsorption/desorption and weathering of soil minerals, 
root morphology and mass impact on K uptake, soil moisture effects, transpiration 
rate impact on K uptake, and partitioning of K between shoots and roots, among 
others (Greenwood and Karpinets 1997; Holmqvist et al. 2003; Zhang et al. 2007; 
Scanlan et al. 2015a, b). It is hoped that ongoing national and international initiatives 
in open science and open access of publications and data will improve data avail- 
ability for future modeling efforts. 


1.6.2 Knowledge Gaps 


Moving forward requires a careful assessment of the knowledge gaps and prioriti- 
zation of investments with the highest probabilities of significantly advancing the 
science supporting K management. As discussed above (Sect. 1.2), a robust K 
recommendation must be complex enough in its components to represent important 
differences in biophysical and socioeconomic contexts but simple and cost-effective 
enough to be useful and efficiently used by the practitioner. Hence, explicit consid- 
eration must be given to whether or not K cycle parameters deemed scientifically 
important for an evidence-based K recommendation are practically assessable and 
whether cost-effective measurements of proxy variables have been fully explored. 
For example, the use of in-field elevation maps or telethermometry may prove more 
practical than soil sensors for determining localized moisture stress influencing K 
flux. Likewise, priorities of scientists must be balanced by those of practitioners. 
Important research foci include: 


* Correlation and calibration studies that explicitly test for covariates and impor- 
tant biophysical influencers of the K cycle: What is clearly not needed are more 
primarily two-factor correlation calibration studies that focus on a putative, 
universal diagnostic (e.g., STK) and yield. As demonstrated above (Fig. 1.8b), 
covariate and metadata must be sufficient to explain variation in yield response 
across locations and yields to create a relationship to yield that is generalizable 
across space and time. While more expensive, long-term, multivariate studies not 
only improve the understanding of the crop-soil K cycle but would facilitate 
inclusion of important secondary biophysical influencers into a K recommenda- 
tion (Fig. 1.2). 

* A better understanding of soil assays by mode of action: Chap. 8 highlights the 
theoretical design features of different soil tests and proposes the choice of a test 
be based upon the expected duration of the meaning of a test result to crops and 
cropping systems of differing duration (short annual versus multi-harvest peren- 
nial). Such an approach is currently not used in most recommendation systems. In 
the USA, for example, recommended soil tests for routine testing are almost all 
assays of Kgxcn with variations in extractant chemistry associated with geopolit- 
ical borders and not cropping system attributes (Nathan and Gelderman 2015). 
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Alternative approaches that are not grounded in soil testing and require devel- 
opment of large soil databases and routine, on-farm soil testing: For regions and 
crops that have not historically relied on soil testing, developing soil tests and 
testing programs may be cost-prohibitive. Additionally, for some major produc- 
tion systems, Kso; shows little relationship to quick chemical assays. For exam- 
ple, Dobermann et al. (2003) used omission plots in irrigated rice to characterize 
Ksoi and hypothesized that the approach held more promise for efficient devel- 
opment of site-specific recommendations. 

Mechanistic and novel, empirical modeling of the K cycle: The research needs for 
improved mechanistic modeling of the K cycle are highlighted above (Sect. 
1.6.1). Additionally, machine learning and artificial intelligence approaches 
hold great promise for synthesizing K cycle data. Methods such as machine 
learning are tolerant to complex data characteristics (e.g., nonlinearity and out- 
liers) (Brouder et al. 2019) and could be used to both detect patterns to underpin 
decision trees and to identify important proxy variables that are easy to assess. 
They can also automatically incorporate new information, creating opportunities 
for recommendations that are self-improving, potentially with on-farm data. 
Artificial neural networks are receiving increased interest as tools to explore 
input-output relationships in complex, agricultural systems where understanding 
remains incomplete (Yang et al. 2018; Liakos et al. 2018; Welikhe 2020). 

K synthesis science: Systematic review (SR), with or without application of meta- 
analysis statistics, is a well-recognized framework for translating knowledge into 
evidence-based policy and management practice. Cumulative systematic reviews 
permit efficient reanalysis of a relationship, effect, or efficacy of a practice as new 
data accrues. SR has long been considered a discrete field of research in medicine 
(Sackett and Rosenberg 1995; Cucherat et al. 1997, Jadad et al. 1998) and the 
gold standard for synthesizing research into a clinical practice and decision- 
making (Mulrow et al. 1997). Reports in the agricultural literature have 
highlighted the potential for routine use of systematic reviews to improve the 
quality of the primary literature and its use in evidenced-based decision-making 
(Philibert et al. 2012; Eagle et al. 2017; Brouder et al. 2019). The concept of 
developing minimum dataset guidelines to ensure small research studies can be 
synthesized (Brouder and Gomez-Macpherson 2014) has emerged as an impor- 
tant component of multi-investigator research networks and collaboratives. 
Proof-of-concept research is also needed regarding the value of integrating 
on-farm data with research data in developing site- and soilspecific K 
recommendations. 

Probability, risk, and economics: Although K recommendation frameworks have 
frequently associated an STK interpretation category (e.g., low, medium, high, 
very high) with the probability of response to fertilizer (50-096) (Havlin et al. 
2014), the probability of the response being of a particular magnitude was not 
included, as data typically were insufficient. Indeed, response probabilities for 
STK categories do not appear to have been rigorously evaluated despite their 
importance to farmer decision-making. The socioeconomic aspects of K man- 
agement are beyond the scope of this chapter and book, but evaluation of any 
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improved framework should include a partial budgeting analysis to evaluate the 
changes in revenues and costs associated with applying the new recommendation 
compared to prior farmer practice. 


1.6.3 Tools and Strategies, Data, and e-Infrastructure 


Given the costs of conducting the system-level K cycle research required for 
strengthening our understanding, coordination among researchers, rigorous synthe- 
sis of new with existing studies, and application of a broad array of cyber-tools will 
all be paramount. Likewise, the planning for and sharing of structured data must 
become the norm, as most promising analytical strategies are data intensive. Scien- 
tists have reached near universal agreement that data sharing has value and advances 
research toward solutions to complex problems (e.g., Kim and Stanton 2016). In 
their analysis of the opportunities afforded to agriculture by data sharing, Brouder 
et al. (2019) argue that data sharing and the e-infrastructure needed to facilitate it will 
enhance the reliability of results and increase public trust in and use of agricultural 
science. Important data resources not currently available for synthesis and key 
attributes of a system to facilitate sharing and science synthesis to improve K 
recommendations are described here in brief. 


1.6.3.1 Underutilized Data Sources with Potential 


At present, the peer-reviewed literature is the primary source of data that is synthe- 
sized in systematic reviews and used to develop and verify the components of 
mechanistic models. Yet, for a variety of reasons, better characterization of study 
weights and effect sizes in statistical meta-analyses can be achieved with the use of 
the original study data than with extracted treatment means and their reported 
variance statistics (Cooper and Patall 2000). Likewise, mechanistic models can be 
more rigorously assessed with original data. Peer-reviewed journals tend to empha- 
size novel results (Fanelli 2012), thereby distorting the foundations of evidence- 
based practice by excluding confirmatory, null, or negative results. While numerous 
factors can contribute to irreproducible or non-generalizable results, solutions for 
improving the quality of science consistently stress complete reporting inclusive of 
data access (Begley and Ioannidis 2015; Button et al. 2013; Goodman et al. 2016). 
Furthermore, anecdotal evidence suggests that much of the data collected in previous 
and ongoing STK correlation and calibration research is inaccessible today—even in 
synthesized form—as publication in the less rigorous grey literature (e.g., newslet- 
ters, local- or state-level reports, conference proceedings) was and remains common 
when the goal is to test or adapt a peer-reviewed result for local constraints or 
conditions and farmer preferences. Such grey literature can be difficult to even 
identify (Debachere 1995). Mechanisms to ensure visibility and validity for the 
grey literature and data not associated with peer-reviewed publications along with 
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recovery of legacy data associated with journal publications could greatly increase 
quality data available for synthesis. 

Beyond research, other data that have the potential for improving site and soil 
specificity of a K recommendation include private research and on-farm data. 
Nutrient management research in the private sector typically remains in-house, 
although entities from that sector may be willing to share a portion of their research 
data to find new approaches with promising business opportunities or to bring 
additional credibility to their products through independent scientific evaluation. 
Additionally, combining on-farm data with research data could extend the inference 
space of research results. Few expect funding allocations to agricultural research to 
increase dramatically in the coming years (see USDA ERS 2018 and EPAR 2017 for 
trends in public and private support) making it even more imperative to improve 
efficiency of data collection and the use and reuse of existing data. However, the 
quantity of on-farm data generated by crop producers is projected to increase 
exponentially (BI Intelligence 2015). Harnessing these data for research on manage- 
ment recommendations is widely considered an untapped opportunity to leverage 
public research investments. Still, privacy, security, ownership, and intellectual 
property concerns need to be addressed when accessing and using privately gener- 
ated data from any source. 


1.6.3.2 FAIR Data 


Moving K research from its present culture of small research studies and limited data 
sharing to one where data are collected with the anticipation that they will be reused 
in syntheses and modeling requires development and implementation of best prac- 
tices that ensure readability over time and across an array of agronomic disciplines. 
In 2016, Wilkinson et al. articulated the basic principles of data sharing: data must be 
FAIR (findable, accessible, interoperable, and reusable). The principles emphasize 
consistent use of appropriate metadata, and machines must be able to assist in 
finding, obtaining, and subsequently reusing relevant data. In the absence of meta- 
data, natural language processing can be used to search for relevant data resources 
that are inconsistently described (Joseph et al. 2016). Application programming 
interfaces can be written to convert dissimilarly structured data into a uniform 
structure for integration, provided the data are annotated sufficiently for a secondary 
user to understand. Moving toward common metadata and data standards will 
accelerate data reuse, and agricultural standards are under active development as 
are tools to facilitate FAIR data workflows. 

Tools include workflows for consistent use of data and metadata standards, 
controlled vocabularies, and agricultural ontologies (Brouder et al. 2019). Baker 
et al. (2016) have described a global multilingual concept scheme, an attempt to 
combine the most useful terms from three broadly used sources. An ontology is an 
organized, typically hierarchical, set of concepts and categories with explicit prop- 
erties and interrelationships. Ontology terms have uniform resource identifiers and, 
when used appropriately, contribute to interoperability. Aubert et al. (2017) used 
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several existing ontologies, agronomic expertise, and the data standards from the 
International Consortium for Agricultural Systems Applications (White et al. 2013) 
to build an Agronomy Ontology (AgrO). AgrO describes agronomic practices, 
techniques, and variables used in agronomic experiments; associated field and 
desktop tools permit real-time development of FAIR data during experimentation 
as well as rectification of existing data into FAIR formats. Finally, because practi- 
tioners often use different terminologies than the scientists doing the research to 
inform practice, Ingram and Gaskell (2019) have proposed a methodology for 
co-production of ontologies with disparate stakeholders to make smarter search 
engines for agriculture. 


1.6.3.3 Repositories and Data Publications, Catalogues, Registries, 
Knowledgebases 


Potassium research will likely continue to be pursued by individuals or small teams 
of researchers dispersed across the globe, but an array of e-infrastructures is emerg- 
ing to support a more data-driven, integrated approach to K recommendations. An 
ecosystem of repositories is emerging with the intent to foster FAIR data. General- 
purpose publishing repositories (e.g., Dryad [2020]) and institutional repositories 
(e.g., P.U.R.R n.d.) are non-specific, but they can ensure that data are appropriately 
annotated with metadata and exposed to relevant search engines. Potassium data are 
beginning to populate these resources. For example, Berg et al. (2020) published an 
8-year study focused on the impact of P and K nutrition in alfalfa yield, quality, and 
persistence. These data are fully open access, have been downloaded to date over 
600 times annually, and can be accessed, downloaded, reanalyzed, and formally 
cited when used in a novel analysis. 

Some repositories can publish data as publications and assign a digital object 
identifier (DOI) ensuring their persistence in the scholarly record. Van Tuyl and 
Whitmire (2016) consider standalone data publications that follow citation conven- 
tions to be essential for incentivizing data preparation and ensuring wide accessibil- 
ity. Several major repositories also offer data catalogues and registries. Catalogues 
facilitate locating similar datasets whose location is dispersed. Registries can expose 
metadata and content summaries to search engines but typically require additional 
steps to gain access to the data, thereby allowing concerns about privacy needs and 
embargoing to be addressed. Another form of registration could directly incentivize 
researchers to follow through with preparing all data for reuse and publication 
irrespective of outcomes. Advocates for improved reproducibility in science propose 
registering projects with a funding organization or a peer-reviewed journal prior to 
data collection as a way to prevent negative, null, and replicative results from being 
relegated to the grey literature (Nosek and Lakens 2014; Kupferschmidt 2018). 

Finally, with sufficient investment and careful consideration for sustainability, the 
creation of a K knowledgebase would be a robust and innovative way to foster 
collaboration among researchers and advance K cycle science. As described by 
Gabella et al. (2017), knowledgebases are “organized and dynamic collections of 
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information about a particular subject" and differ from repositories in that multiple 
data sources are not just archived but curated for a purpose with review, distillation, 
and manual annotation by experts. A K knowledgebase could create the consistent 
and reliable source of scientific knowledge to effectively deliver to practitioners 
credible, salient, and legitimate scientific information. Identifying space for K 
research activities within general agronomic knowledgebases such as the Ag Data 
Commons (USDA-NAL n.d.) or GARDIAN (CGIAR Platform for Big Data in 
Agriculture n.d.) would be an efficient way to leverage investments in data tools 
that would otherwise be well beyond the resources currently allocated to agronomic 
K research. 
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Chapter 2 
Inputs: Potassium Sources for Agricultural gss 
Systems 


Robert L. Mikkelsen and Terry L. Roberts 


Abstract In the potassium (K) cycle, inputs encompass all K sources that move into 
a given volume of soil. These inputs may include atmospheric deposition, irrigation 
water, runoff, erosion, as well as seeds, cuttings, and transplants. Accounting for all 
inputs is seldom routinely done on the farm. Many K inputs have variable concen- 
trations, making estimations difficult. Estimates for added K are provided in some 
planning documents and can be used where testing of on-farm inputs is not feasible, 
although testing is preferred. Standard commercial fertilizers have known concen- 
trations of K and are concentrated enough to be economical to transport long 
distances. The global reserves for their production have an estimated lifetime of 
thousands of years. This chapter emphasizes considerations for using various com- 
mercial fertilizer sources. 


2.1 Overview of Potassium Inputs 


Potassium (K) inputs as a group is the total quantity of K, originating outside a 
given volume of soil, that moves into that volume (Fig. 2.1). Inputs include K in 
atmospheric deposition; irrigation water; K transported to the soil volume via runoff 
and erosion from other areas; K in seeds, cuttings, transplants, or residues; organic 
fertilizer applications; and commercial fertilizer additions. This pool is the sum of all 
these inputs. Inputs may occur directly to the soil or, as is the case with foliar 
fertilizer applications, directly to the plant. 

For making improvements in K recommendations, this chapter emphasizes inor- 
ganic and organic fertilizer inputs. Of all the inputs, these are the ones that farmers 
have the greatest control over. This chapter defines organic inputs as K sources 
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Fig. 2.1 The K cycle involves inputs, outputs, and transformations that occur in agricultural soils. 
Potassium biogeochemistry includes complex chemical, physical, geological, and biological pro- 
cesses within natural or managed ecosystems. This level of complexity has too often been 
overlooked for K. This figure outlines the major K pools and fluxes occurring within the rootzone 
during an annual cropping season. It is not comprehensive of all possible inputs, outputs, and 
transformations that can occur 


derived from animal wastes (manure and biosolids) and plant residues. This defini- 
tion is used to clarify that these inputs do not refer to K sources approved for the 
production of agricultural products labeled as “organic.” Although the emphasis in 
this chapter is primarily on inorganic sources, we briefly mention other inputs. 


2.2 Atmospheric Deposition 


Atmospheric deposition is the quantity of K transferred from the atmosphere to a 
given area of land (adapted from National Agricultural Library 2019a). Atmospheric 
deposition is the sum of wet deposition and dry deposition. Wet deposition is the 
quantity of K transferred from the atmosphere to a given area of land by rain, fog, or 
snow (adapted from National Agricultural Library 2019b). Dry deposition is the 
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quantity of K in atmospheric particles transferred to a given area of land (adapted 
from American Meteorological Society 2012). Dry deposition is the K in the 
deposited particles, while wet deposition is the K dissolved in precipitation. For 
both sources, K deposited on both soil and foliage are considered. 

It is well documented that atmospheric transport takes place at very large scales 
(e.g., from Africa to South America; Prospero et al. 2014). However only a few 
studies have mapped K deposition at these large scales. In a study conducted in 
Northern China across ten sites and 3 years, Pan and Wang (2015) measured both 
wet and dry deposition of K. The average atmospheric deposition, the sum of wet 
and dry, ranged from 11 to 25 kg K ha! year! across sites. At all but two sites, 
average dry deposition was several times greater than wet deposition, indicating that 
substantially more K was added in particles than in precipitation. Fluxes varied by 
time of year. The largest fluxes of dry deposition occurred in the spring, which the 
authors attributed to long-range transport of dust from deserts and loess deposits by 
16 dust storms over the 3-year study period. The largest fluxes of wet deposition 
occurred in summer, which was the rainy season. Deposition also varied spatially, 
with the greatest atmospheric deposition in industrial areas and the smallest in 
agricultural areas. 

Deposition of K across the contiguous 48 states of the United States was 
evaluated by Mikhailova et al. (2019) based on data from the US Atmospheric 
Deposition Program. Total inputs, the sum of both wet and dry deposition, ranged 
from 0 to 2.5 kg ha! year! and varied markedly across states. 

In power plants, the K composition of particulates in ash depends on the source of 
fuel. Ruscio et al. (2016) compared three sources of biomass fuel (olive residue, 
maize residue, and torrefied pine sawdust) to three sources of coal (bituminous, 
sub-bituminous, and lignite). In both coarse (560-1000 nm) and fine (100-180 nm) 
submicron particles of ash, the K concentrations in maize and olive waste were over 
30%, several times higher than in any other fuel source. Ashes from coal sources 
were all less than 7% K across both particle size ranges. In the future, power plants 
relying solely on biomass feedstocks or power plants that cofire coal and biomass 
will have greater quantities of K in ash than traditional coal-only power plants. The 
high K content of ash from crop residues (e.g., 6% K in rice (Oryza sativa L.) straw 
ash; Hung et al. 2020) suggests that in areas where residues are burned in fields as a 
management practice, some K will be lost from fields and redeposited elsewhere in 
the environment, including nearby fields. 


2.3 Irrigation Water 


The quantity of K input by irrigation water is determined by the K concentration in 
the water source, the quantity of water used, the quantity of sediment transported 
with the water, and the K content in the sediment. For example, Hoa et al. (2006) 
examined K inputs into flooded rice fields in the Mekong Delta of Vietnam and 


found, on average, K input by irrigation water was 14-18 kg K ha! year '. 
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They also found that large amounts of K were added by the sediment in the water. 
The total quantity of K added ranged from 320 to 1892 kg K ha! year ', but only 
3-10 kg ha! year ' was plant available, based on commonly used interpretations of 
the soil test used in the study. Over time, a portion of the remaining K in the sediment 
was expected to become available for plant uptake, based on transformations in the 
soil and the mechanisms used by plants to access K in various soil pools. The 
considerations of this study extend more generally to K input by runoff and erosion. 

The waterborne K input can be rather large in some irrigated fields. For example, 
a common water source used for irrigating cotton (Gossypium hirsutum L.) in 
California contains ~0.3 mmol K L !. During the growing season, adding 
7.5 ML ha'! of irrigation water supplies approximately 90 kg K ha ! year! to 
the soil. 


2.4 Runoff and Erosion 


The loss of K with soil materials leaving agricultural fields is covered extensively in 
Chap. 3. Soil materials are most commonly transported by wind, by flowing water, 
and through slow hillside creep. These transport processes are complex and are the 
subject of detailed investigations (Williams 2012). However, these erosional mate- 
rials are subsequently deposited again in another part of the landscape. 

Particle deposition may be transitory, or it may persist for geologic periods (such 
as chalk and apatite). The eroded materials are deposited off-site from their source, 
too often resulting in clogged drainage ways, silted reservoirs, and a destruction of 
aquatic habitat. The loss of eroded soil directly leads to soil degradation through 
nutrient depletion and removal of valuable soil organic matter. 

How much of the eroded material is carried back to the sea or is stored in river 
terraces, flood plans, or reservoirs is site specific. Sediments stored in reservoirs 
show an accumulation in nitrogen (N), phosphorus (P), and K that corresponds to 
watershed fertilizer application rates (Junakova and Balintova 2012). 

The distribution of nutrients in reservoir sediments is not uniform, as the K-rich 
materials associated with the fine particles tend to settle more slowly than the larger- 
sized eroded material. Sediments can supply significant amounts of bioavailable K 
when it is dredged and added back to agricultural land (e.g., Woodard 1999; 
Darmody and Ruiz 2017). 


2.5 Seeds, Cuttings, Transplants, and Residues 


Very small amounts of K are added to the field during planting operations. Seeds and 
seedlings contain K in quantities that are commonly overlooked while calculating 
nutrient budgets. The mineral content of agronomic seeds will vary somewhat [e.g., 
maize seed can contain ~3 mg K g` ', while tomato seeds contain 5 mg K g`’ (Liptay 
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and Arevalo 2000)]. As an example, a typical maize field planted with 60,000 seeds 
ha^! will add approximately 25 g K in the process. This seed-borne K provides 
nutrition during the germination process and the initial growth of the embryo. Once 
the seedling begins growing, the K demand from the soil quickly increases. 

When seedlings are used for transplanting, a small amount of K is brought to the 
field. Using tomatoes as an example, transplanting 2000-3000 plants ha! will add 
between 600 and 900 g K to the field (Liptay and Arevalo 2000). When vineyards 
and orchards are established, small amounts of K will also be moved to the site in the 
woody tissue of the planting material. 

Crop residues that remain in the field do not contribute to the K balance of the 
field, but when residues are imported from other fields or farms, they can contribute 
significant amounts of additional K. These residue inputs are discussed later. 


2.6 Organic Fertilizer 


The use of approved nutrient sources for organic crop production is governed by a 
variety of oversight organizations. Unfortunately, each of these organizations main- 
tains somewhat different standards and allows different materials to be used in their 
organic production systems because they individually interpret the intent of organic 
agricultural principles. As a result, a grower seeking advice on permissible K 
materials should first know where the agricultural produce will be sold in order to 
meet the requirements of that market. 

In general, regulations for mined K sources specify that they must not be 
processed, purified, or altered from their original form. However, there is disagree- 
ment among different certifying bodies over what specific materials can be used. 
Unfortunately, some of these restrictions on certain nutrient materials do not have 
solid scientific justification, and their inclusion or exclusion on various lists should 
not be viewed as one material being more or less "safe" than another fertilizer 
material (Mikkelsen 2007). Certain wastes (e.g., ash materials) and unprocessed 
minerals (e.g., glauconite) may also be permitted for organic crop production in 
certain conditions. 

In the mixed livestock/crop systems, the nutrition of the animals generally takes 
first priority, and the residual manure is returned to surrounding cropland. In these 
cases, K imported to the farm in feed and bedding frequently exceeds the output in 
milk and meat products, sometimes leading to an accumulation of K in the sur- 
rounding fields that receive manure. Large losses of K often occur on these farms 
during manure storage and composting. Because excreted K is mostly expelled as 
urine, if this fraction is not effectively recovered in confined animal operations, most 
of the K will not be returned to the field with the solid portion of the manure. 

The nutrient value of K in animal manures is generally equivalent to soluble K 
fertilizers. Since K is not a structural component of plant or animal cells and remains 
soluble in animal manure and urine, there is no true “organic” K. 
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Table 2.1 Approximate dry matter and KO content of selected animal manures. (IPNI 2012) 


Dry matter K50 content 
Livestock type Waste handling system % ket! 
Solid handling systems 
Swine Without bedding 18 4 
With bedding 18 3.5 
Beef cattle Without bedding 15 5 
With bedding 50 13 
Dairy cattle Without bedding 18 5 
With bedding 21 5 
Poultry Without litter 45 5 
With litter 75 17 
Deep pit (compost) 76 22.5 
Liquid handling systems 
Swine Liquid pit 4 9.5 
Oxidation ditch 2.5 9.5 
Lagoon 1 0.2 
Beef cattle Liquid pit 11 17 
Oxidation ditch 3 14.5 
Dairy cattle Lagoon 1 2.5 
Liquid pit 8 14.5 
Poultry Lagoon 1 2.5 
Liquid pit 13 48 


The chemical composition of manures should be determined through laboratory 
analysis in order to apply material at rates that avoid either excessive or insufficient 
application of K to the field. Solid manures frequently contain between 5 and 25 kg 
KO Mg`', while liquid pit manures typically contain 14 kg K;O 1000 L~! 
(Table 2.1). Lagoon liquids have an even lower K concentration. When repeated 
applications of animal manures are used as a primary source of N for plant nutrition 
(such as on organic farms), the accumulation of excessive concentrations of K and P 
in the soil is common (Mikkelsen 2000a; Arienzo et al. 2009). Potassium concen- 
tration can change from load to load and also throughout the year (O'Dell et al. 
1995). Agitation of manure pits prior to loading can reduce variability because it 
creates a more uniform distribution of manure solids (Duo et al. 2001). 

In addition to recoverable manure, there can be significant amounts of K returned 
directly to the soil via animal urination and defecation. For example, at the localized 
site of grazing dairy cattle urination, effective application rates can reach 
1000 kg K ha‘! in this small patch (Williams et al. 1990). 

Nutrient concentrations in manure are generally low enough that it is uneconom- 
ical to transport manure long distances. Therefore, manure use is primarily local, 
often restricted to a single farm or nearby farms. There are also many cases where 
manure has not been distributed across an entire farm but instead spread only on 
fields nearest where animals were kept (Mikkelsen 2000b). Often overlooked, 
animal manure has additional benefits beyond just its mineral nutrient content and 
can aid in building and remediating soil (Mikha et al. 2017). 
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Fig. 2.2 Average wheat and corn yields for a 15-year study in Hunan, China, receiving combina- 
tions of N, P, K, and farmyard manure. (adapted from Zhang et al. 2009) 


Evidence from long-term experiments show that combinations of inorganic and 
organic nutrients often achieve higher crop yields, improve soil quality and fertility, 
increase nutrient use efficiency, and lead to more sustainable nutrient management 
systems than either source alone (Miao et al. 2011). For example, Zhang et al. (2009) 
reported on a 15-year maize (Zea mays L.)—wheat (Triticum aestivum L.) rotational 
study in China where significant yield responses to N occurred for the first few years, 
but adding both N and P together increased yields fivefold, although yields 
decreased subsequently. Applying K along with N and P further increased yields 
in some years, but high yields were only sustained when farmyard manure was 
added with the N, P, and K (Fig. 2.2). The addition of farmyard manure prevented 
yields from declining over time and helped maintain the fertility and buffering 
capacity of the soil. 


2.7 Commercial Fertilizer 


Commercial fertilizer is the K input farmers can manage with the greatest accuracy 
and precision. In countries where the compositions of fertilizers are regulated, 
minimum concentrations of K are guaranteed by the fertilizer manufacturer and do 
not vary from the stated label. Inaccuracies in applying the correct amount arise from 
problems with distributing the products properly over the field, rather than from the 
composition of the products themselves. However, fertilizer composition integrity is 
not always assured in some parts of the world, and adulterated products find their 
way to the marketplace. Modern K fertilizers are manufactured with sufficiently high 
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nutrient concentrations that they are economical to transport long distances, allowing 
them to be affordably shipped anywhere in the world where logistics permit. 

Of all the sources enumerated above, regulated commercial fertilizers are the only 
inputs farmers do not need to test to know the K concentrations. The need to test 
other inputs prior to application means that an accurate accounting of all K inputs is 
rarely performed routinely on the farm. Where testing is feasible and economical, 
many farmers do test manure and irrigation water, especially if incentives or 
regulations are in place. Where testing is not practical, published estimates are 
used, but their inaccuracies for local conditions must be acknowledged. 


2.7.1 Resources and Reserves 


Potassium minerals and salts mined for use as fertilizers are generally referred to as 
potash, a term dating back to the nineteenth century when K used for fertilizer came 
from “potashes.” Potash is a general term encompassing many different individual K 
fertilizers. Among these sources are potassium chloride (KCI), also called muriate of 
potash (MOP); potassium sulfate (K2SO,), also called sulfate of potash (SOP); 
potassium magnesium sulfate (K2SO4-MgSO,), sometimes referred to as sulfate of 
potash magnesia (MgSOP or SOPM); potassium nitrate (KNO3), also called nitrate 
of potash (NOP) or saltpeter; and mixed sodium-potassium nitrate (NaNO; + KNO3), 
also called Chilean saltpeter. The K concentration of commercial fertilizers is 
reported either on an oxide basis (K5O) or on an elemental basis (K). For a given 
concentration of elemental K, the reported oxide concentration is 1.2 times that of 
the reported elemental concentration: K,O = 1.2 x K. 

Potassium is the seventh most abundant element in the Earth’s crust (Fountain 
and Christensen 1989) but is never found in its elemental form in nature because it is 
highly reactive unless chemically bound to other elements. Feldspars, micas, and 
other silicate minerals contain significant amounts of K, but they are not currently 
commercial sources of potash. 

Global potash resources most commonly occur as large, deeply buried deposits 
associated with marine evaporite sequences and, less commonly, with non-marine 
evaporites generally formed in arid climates (Sheldrick 1985; IFDC and UNIDO 
1998). Sylvite, the mineral form of potassium chloride, is the most abundant mineral 
in commercial deposits (Table 2.2). Sylvinite, a physical mixture of sylvite and halite 
(NaCl), is the most common K-bearing ore. The second most common ore is 
carnallitite, a mixture of primarily carnallite (&CI-MgCl5-6H5O) and other salts. 
Other less common ores include kainite (KCI-MgSO4:3H50), langbeinite 
(K2SO4-2MgSO,), polyhalite (K52S504:MgSO4-2CaSO,4-2H50), and hartsalz, a phys- 
ical mixture of sylvite, halite, kieserite, and/or anhydrite. Potassium nitrate (niter) is 
a unique ore, with deposits occurring only in the Atacama Desert of northern Chile. 

The world has abundant potash resources. There are approximately 980 deposits 
on five continents (Orris et al. 2014). The US Bureau of Mines and the US 
Geological Survey (1980) define a resource as a concentration of naturally 
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Table 2.2 Names, chemical formulas, and K concentrations of some common K-bearing minerals 
used in production of potash fertilizers 


Weight 96 
Mineral Chemical name Chemical formula K50 
Carnallite Potassium magnesium KCI-MgCl;.6H;0 17 
chloride 
Carnallitite Mixture of carnallite, halite, KCI-MgCl,-6H,0, NaCl, Variable 
(ore) and others MgSO4:H50, CaSO, 
Hartsalz Mixture of sylvite, halite, and | KCl, NaCl, MgSO4:H50, CaSO, Variable 
(ore) kieserite 
Kainite Potassium magnesium sulfate | KCI-MgSO,;-3H;0 19 
chloride 
Langbeinite | Potassium magnesium sulfate | K2SO4-2MgSO4 23 
Niter Potassium nitrate KNO; 46 
Polyhalite Potassium magnesium cal- K5S504:Mg50,:2CaSO,.2H50 16 
cium sulfate 
Schoenite Potassium magnesium sulfate | KSSO4:MgSO4,-6H;0 23 
Sylvinite Mixture of sylvite and halite | KCl, NaCl Variable 
(ore) 
Sylvite Potassium chloride KCl 63 


occurring solid, liquid, or gaseous material in or on the Earth's crust in such a form 
and amount that economic extraction of a commodity from the concentration is 
currently or potentially feasible. Feasibility depends on factors such as product 
prices, capital costs, and current and potential mining and processing technologies. 
The reserve base is that part of an identified resource that meets specified minimum 
physical and chemical criteria related to current mining and production practices, 
including those for grade, quality, thickness, and depth. A reserve is that part of the 
reserve base which could be economically extracted or produced at the time of 
determination. 'The quantity of reserves depends on factors such as expected product 
prices, capital costs, and current mining and processing technologies. Global potash 
reserves are estimated to be 250 billion metric tonnes (USGS 2020). That is 
sufficient potash for thousands of years, even if fertilizer production was to double. 

The global K fertilizer industry is relatively mature and stable. However, there are 
many commercial endeavors underway to further develop geologic K resources 
around the world. In Africa, for example, the Danakil region of Ethiopia and Eritrea 
is being developed to be a major K producer. Resources in the Khemisset region of 
northern Morocco and the Sintoukola region in the west of the Republic of the 
Congo are under development as K fertilizer sources. Additionally, geologic accu- 
mulations of K in Western Australia and the Western United States are being 
developed as new K sources. The deep mine in North Yorkshire, UK, is also 
expected to bring new supplies of K to the commercial fertilizer market. 

The percent minable KO ore reserves and resources vary widely in potash 
deposits. Mining costs depend on the depth to the ore, thickness, and uniformity 
of the potash bed, strength, and uniformity of the overlying strata, flooding risks, and 
other factors. Even so, potash mining and refining is a much simpler process than is 
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Table 2.3 Estimated global K5O reserves and 2019 mine production. All values are in thousands 
of metric tonnes of K5O (kt K5O). (USGS 2020) 


% of total Mine production % of total 

Reserves reserves (2019) production 
Country kt K;O % kt K,0 % 
Canada 1,000,000 28 13,300 32 
Belarus 750,000 21 7000 17 
Russia 600,000 17 6800 17 
China 350,000 10 5510 13 
Germany 150,000 4 3000 7 
Israel Large (~5) 2000 5 
Jordan Large (~5) 1500 3 
Chile 100,000 3 950 2 
Spain 68,000 2 600 1 
Brazil 24,000 1 200 1 
World total >3,600,000 41,000 
(rounded) 


required for the manufacture of nitrogen and phosphorus fertilizers (Rahm 2017). 
Unlike the Haber-Bosh process for ammonia synthesis or wet process phosphoric 
acid production, potash processing does not involve complicated chemical reactions; 
the K is most commonly separated from the other compounds in the ore by flotation 
and selective crystallization. 

Buried potash deposits can range from a few hundred to more than 3000 m deep 
and are obtained by conventional shaft mining using continuous mining machines 
that cut into the face of the deposit. Flexible conveyors are attached to the mining 
machines that convey the ore to the shaft for transport to the surface for processing. 
Most underground mines utilize room and pillar mining techniques to maintain 
structural integrity. Solution mining is used for deeper deposits. Hot water is first 
pumped into the deposit through bore holes to dissolve the ore, and then brine is 
injected to selectively dissolve KCl, which is withdrawn through another nearby 
well. Solution mining is energy intensive but is better suited to extremely deep 
deposits and to some ores such as carnallitite. For K-rich surface brines, potash is 
obtained by solar evaporation in shallow ponds and selective separation of the salts. 
A floating dredge or other heavy equipment is used to harvest the pond minerals. 
Underground deposits account for about 75% of global output: 70% from shaft 
mining operations and 5% from solution mining (Rahm 2017). 

Although there are approximately 980 deposits of potash distributed around the 
world, potash is mined in less than 20 countries (Table 2.3). Russia, Canada, 
Belarus, and China account for three-quarters of world production. Since 2000, 
global production has increased at a compound annual growth rate of about 3.1%: 
from 24.5 Mt. K50 in 2000 to 41.0 Mt in 2019 (Fig. 2.3). Erratic production has 
followed volatile prices. Potash prices spiked to record highs in 2008 which 
decreased demand and production the following year during the global recession 
and financial crisis. 
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Fig. 2.3 Global potash mine production between 2000 and 2019. (Jasinksi 2020) 


2.7.2 Materials and Use 


Over 95% of global potash fertilizer production originates with MOP obtained from 
sylvinite, carnallitite, or hartsalz (Fig. 2.4). In 2015, approximately 74% of the KC1 
produced was used directly for plant nutrition. Of the remaining 26%, about 2% was 
reacted with nitric acid or nitrate salts to produce NOP, 5% was reacted with sulfuric 
acid to produce SOP, and 19% was incorporated into various N and P sources to 
produce N-P-K or P-K complex/compound fertilizers. The next largest quantity of 
fertilizer produced was primary SOP originating from kainite, hartsalz, or polyhalite, 
comprising about 4% of 2015 global fertilizer production. The remaining 1% of 
production was SOPM originating from langbeinite. Polyhalite is expected to 
become more common as new mines open. About 10% of global K production 
was used for industrial purposes or as an ingredient in animal feed. The remainder 
was used for crop nutrition. 

The plant K nutritional value is identical for all K sources; however, their 
properties and solubility vary considerably (Table 2.4). All common commercial 
K fertilizers are sufficiently soluble to provide adequate K to plants growing in moist 
soil. Differences in water solubility become important when solid K sources are 
dissolved for use in foliar sprays or fluid fertilizers. When solid K fertilizers are used 
for these purposes, both the solubility and the time required for dissolution need to 
be considered when making a suitable liquid fertilizer. There are additional restric- 
tions to consider when selecting a K source for organic crop production (Mikkelsen 
2007). 
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Fig. 2.4 The process for making final products of common K fertilizers, beginning with the mined 
ores; quantities are for 2015. (adapted from Rahm 2017) 


Table 2.4 Selected properties of common K fertilizers 


K content Solubility 

Weight % gL! at 20° 
Fertilizer name Chemical formula KO C 
MOP KCl 60-63 344 
SOP K5S04 50 111 
NOP KNO; 45 316 
Potassium thiosulfate (KTS) K2S203 25 Fluid 
Langbeinite (SOPM) K,SO4-2MgSO,4 21 240 
Polyhalite K5S04.MgSO,42CaSO,:2H50 | 13 12-18 

(25 °C) 

Potassium hydroxide KOH 83 1120 
Potassium phosphate KH5PO, 34 226 
Potassium chloride and KCI-MgSO,-H,O 40 


kieserite 
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2.7.2.1 | Potassium Chloride (MOP) 


Potassium chloride is by far the most widely used K fertilizer for crop nutrition due 
to its relatively low cost and highest percentage of KO, 60-63% (Table 2.4). This 
high concentration means handling, storage, transport, and application costs are 
lower for KCI than for other sources. Most KCI fertilizer is produced by separating 
sylvinite ore into sylvite (KCl) and halite (NaCl), based on either their differing 
specific gravities or differing solubilities. The resulting purified sylvite-based fertil- 
izer may have a reddish color arising from trace concentrations of iron oxide that are 
naturally occurring in the ore. Most of the MOP produced is used directly as a 
fertilizer; however, MOP can also be used to formulate other K fertilizer products 
(Fig. 2.4). 

Potassium chloride is often spread onto the soil surface prior to tillage and 
planting or applied in a concentrated band near the seed or plant. Since all K 
fertilizers will increase the soluble salt concentration in the soil as they dissolve, 
banded KCl is typically placed to the side of the seed to avoid potential osmotic 
damage during germination. White-colored KCl is sometimes a more purified grade 
that can be solubilized as a component of fluid fertilizers and foliar sprays or for 
application through irrigation systems. Potassium chloride, as are most K fertilizers, 
is available in several particle sizes (from coarse to fine) to match the intended 


purpose. 


2.7.2.0 Potassium Sulfate (SOP) 


Potassium sulfate can be produced in three ways. Primary SOP originates from 
decomposition of ores containing sulfate (Fig. 2.4). As an example, water is added to 
kainite, producing schoenite as an intermediate product (for the chemical formulas, 
see Table 2.2). Potassium chloride is then added to the schoenite to produce K5SO,. 
A second method is to evaporate naturally occurring brines to crystallize K5SO,. 
Third, the Mannheim process reacts KCl with sulfuric acid, producing K5SO,, as 
indicated in Fig. 2.4. Potassium sulfate is available in either a crystalline form or as 
granules that are generally preferred for blending and uniform spreading. The K;O 
content is approximately 50% (Table 2.4). In 2015, the primary production of K,SO4 
accounted for about 996 of global K fertilizers. 

Potassium sulfate provides both K and sulfur (S) in forms that are readily soluble 
and available to plants (SOPIB 2015). There may be certain soils and crops where K 
is needed but the addition of chloride (CI) should be avoided. In these situations, 
K55SO, makes a very useful K fertilizer source. Potassium sulfate is only one-third as 
soluble as KCI, so it is not as commonly used for application through irrigation water 
unless there is a need for additional S. Foliar sprays of K5SO, are a convenient way 
to apply additional K and S to plants, supplementing the nutrients taken up from the 
soil by plant roots. Fine particles are used for making solutions for fertigation or 
foliar sprays since the small particles dissolve more rapidly. Due to the extra costs 
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associated with producing K55O.,, the price is generally greater than KCI per unit 
of K. 

Atmospheric deposition of S reduces the need for S fertilization. Most deposition 
originates from coal and petroleum combustion (Smith et al. 2011). In China, S 
deposition has been increasing (Smith et al. 2011), and bulk deposition in southeast 
China has been as high as 71 kg ha _' year ' (Liu et al. (2016). In contrast, since the 
Clean Air Act was enacted in the United States, S deposition in that country has been 
declining (Smith et al. 2011), with areas that historically had the highest quantities of 
deposition now receiving only 15 kg S ha^! year ! (Zhang et al. 2018). Because 
these changes occur over decades they can go unnoticed, leading to unknowingly 
outdated fertilizer recommendations for S. The use of SOP can help alleviate 
this increasing extent of S deficiency. 


2.7.2.3 Potassium Nitrate (NOP) 


There are several ways to produce potassium nitrate (Fig. 2.4). In two of them, KCl is 
mixed with nitrate salts, either sodium nitrate or ammonium nitrate. It is also 
commonly manufactured by the reaction of KCI with nitric acid. A relatively small 
amount of KNO; is produced from natural caliche deposits from the Chilean desert. 
Potassium nitrate has a K content of about 45% (Table 2.4). 

The agronomic use of KNO is often desirable in conditions where a highly 
soluble, chloride-free source of both K and N is needed. Potassium nitrate contains a 
relatively high proportion of K, with a N:K ratio of approximately 1:3 by weight. 
Applications of KNO; are typically made to the soil as prills, dissolved in a solution 
sprayed on plant foliage, or dissolved and applied through fertigation. Its use is most 
common for fertilizing high-value specialty crops, including fruits, vegetables, and 
tobacco (Nicotiana tabacum L.). 


2.7.2.4 Potassium Thiosulfate (KTS) 


Potassium thiosulfate is a clear fluid fertilizer. It is produced by reacting potassium 
hydroxide with aqueous ammonia, sulfur dioxide, and elemental S. It is used for 
direct soil application, in irrigation water, or as a foliar fertilizer. The thiosulfate 
portion of the molecule (S03?) oxidizes in soil to form sulfate (SO) during an 
acid-forming process (Goos and Johnson 2001). The thiosulfate molecule has been 
shown to delay nitrification (Cai et al. 2018) and to sequester metals, particularly 
iron (Nayak and Dash 2006). 


2.7.2.5 Langbeinite (SOPM) 


Langbeinite (Table 2.2) has K, magnesium (Mg), and S all contained within a single 
geologic mineral. Its composition provides a uniform distribution of these nutrients 
when applied to the soil. The major source of langbeinite is from deposits in the 
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Southwest United States. Langbeinite is totally water soluble, but is slower to 
dissolve than some other common K fertilizers because of the higher particle density 
(2.8 g cm ? compared with 2 g cm ? for sylvite). This slower dissolution is an 
advantage in purification, as simple washing removes other impurities, leaving the 
less-soluble langbeinite (Harley and Atwood 1947). SOPM is frequently used where 
alow Cl source of K is desirable for crop nutrition or where additional Mg may be 
desired in the farming system, such as on acid soils or on soils where forage is 
produced for dairies. Langbeinite is a nutrient-rich fertilizer with a relatively low 
overall salt index. It is available in either a crystalline or granulated form. Lang- 
beinite accounts for less than 1% of global production of primary K fertilizer. 


2.7.2.6 Polyhalite 


This soluble geologic mineral contains four essential plant nutrients: K, Mg, S, and 
calcium (Ca) (Table 2.2). The exact chemical formula will vary depending on its 
geologic origins. Polyhalite is frequently used in situations where a K fertilizer with 
a low Cl concentration is desirable. The lower K concentration in polyhalite (~13% 
K50O) relative to other K fertilizer sources can in cases be compensated by the value 
of the additional Ca, Mg, and S in each particle (Yermiyahu et al. 2017). The lower 
solubility may also cause polyhalite to perform as a slightly slow-release source of 
nutrients, depending on the particle size (Barbier et al. 2017). Commercial supplies 
of polyhalite come from deep deposits in the Yorkshire region of the United 
Kingdom and in New Mexico, USA. In practice, both polyhalite and langbeinite 
are often blended with other less expensive K sources to obtain the desired blend of 
nutrients. 


2.7.2.7 Potassium Hydroxide (KOH) 


Potassium hydroxide (KOH) is a strongly alkaline liquid. It is commonly used as a 
component of fluid fertilizers. It has a low salt index, is free of Cl’, and contains 
83% K5O (Table 2.4). It is commonly used to neutralize excess acidity in liquid 
fertilizer blends, irrigation water, and soil. Extreme safety measures must be used 
when handling this caustic material. Its use as a K source is generally limited to 
situations where the strongly alkaline properties are desired rather than its inherent K 
concentration. 


2.7.2.8 Potassium Phosphate 


Potassium phosphate (KH5PO,) is produced from the reaction of KCl with phos- 
phoric acid (Fig. 2.4). It contains 34% K5O (Table 2.4). This highly soluble product 
is commonly used in fertigation and for foliar applications where a source of both P 
and K is desired without additional N. 
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2.7.2.9 Mineral/Silicate K 


Many geologic minerals contain abundant K, but their solubility is generally too low 
for agronomic use (Table 2.5). For example, potassium feldspar may contain almost 
17% K,O, but the dissolution is 20 million times slower than nepheline, a less 
abundant K-bearing mineral with 15% K5O (Palandri and Kharaka 2004). The rate 
of K dissolution is key to its value as a source of plant nutrition (Manning 2018). 

Considerable research has been conducted on developing various K-bearing 
minerals as fertilizers by utilizing a range of techniques to accelerate their dissolution 
through chemical or biological processes. The costs of transporting relatively low K 
concentration minerals often restricts their use to agricultural fields close to where 
they are mined. 

The idea of using high K-content silicate rocks for fertilizer has been explored for 
many years (Ciceri et al. 2015), but most of the proposed techniques require 
significant energy or chemical inputs to accomplish a partial or complete dissolution 
of the rock. Based on dissolution rates of mineral K sources, rocks containing 
nepheline (including nepheline syenites, phonolites, and trachytes) may have the 
most commercial potential as agricultural potash sources (Manning 2010). Recent 
activity has focused on using K-rich feldspar as a nutrient source by milling, pH 
adjustment, and heating to accelerate natural weathering processes (Ciceri et al. 
2016). 

Glauconite (greensand) is a relatively insoluble silicate-based marine sediment 
(5-8% K5O) that has been used with limited success as a rock-based K source that 
dissolves over multiple years. Similarly, a variety of K-rich micas and feldspars have 
been evaluated for direct soil application as a K source with limited commercial 
success due to their low solubility. A fine particle size (“rock dust") is required to 
allow dissolution at a rate that might provide a nutritional benefit for plants. 


Table 2.5 Chemical composition and solubility in pure water for common K-bearing minerals. 
(adapted from Palandri and Kharaka 2004; Manning 2010) 


Mineral Composition | Relative 
% % 
Mineral Family Formula K K,0* | Solubility 
K feldspar | Feldspar KAISi;0¢ 14 16 Very low 
Leucite Feldspathoid | KAISi,0¢ 17 |21 Medium 
Nepheline | Feldspathoid | (K, Na)AISiO; 13 15 Medium 
Muscovite | Mica KAI3Si30;9(OH)2 9 10 Very low 
Biotite Mica K5FegSigALl; O;o(OH)4 7 9 Low 
Phlogopite | Mica K35MgsSisALb O59 (OH)4 9 11 Low 
Glauconite | Mica (K, Na) (Mg, Fe?*) (Fe**, Al) (Si, 1-4 1-6 Medium 
Al)4010(OH)2 


“All values rounded down to the nearest whole number 
Other sources were used to verify, but not cited; there are several ways to express the formulas for 
each mineral, etc. 
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Interest in biological additives to solubilize K from insoluble minerals has grown. 
Addition of various bacteria and fungi have been evaluated as a means for acceler- 
ating dissolution of K-bearing minerals or chelating silicon ions to enhance K 
solubility (Meena et al. 2016). Many of these chemical and biological approaches 
of facilitating K release from relatively insoluble minerals have attracted consider- 
able attention, especially in regions where the cost of soluble K fertilizers poses a 
barrier to use. 

The long-term impacts of using native minerals as sources of K for plant growth 
are not yet known. As an example, the release of K from the interlayers of micas can 
result in the formation of vermiculites in very short time periods (Hinsinger et al. 
1992). Vermiculites have a high selectivity for K (Evangelou and Lumbanraja 
2002), resulting in a significant portion of applied K ending up in interlayer positions 
where it is unavailable to plants, reducing its apparent recovery efficiency (REx). To 
overcome the reduction in REx, larger quantities of K fertilizer must be applied to 
achieve the same quantity of plant-available K (Chap. 1; Cassman et al. 1989). 
Future investigations will need to consider how the removal of K from minerals 
impacts the effectiveness of future K fertilizer applications. 


2.7.2.10 Other Potassium Sources 


Other K-containing materials have long been used as plant nutrients. Seaweed kelp 
(2-496 K5O) has a long history as a K fertilizer. Wood ash (2-996 K5O) has also been 
traditionally applied to supply additional K to crops. The alkaline nature of wood ash 
(containing CaCO3 or CaO) needs to be considered if ash is added to soil at high 
application rates or repeatedly over long periods. The nature of the fuel and the 
combustion conditions will influence the K bioavailability in the ash. Biochar is 
typically applied to soils for agronomic and environmental benefits. Biederman and 
Harpole (2013) conducted a meta-analysis of 114 published manuscripts and found 
that biochar application significantly increased plant K concentration as well as soil 
test K levels. 

A variety of harvested crop materials are returned to the field after processing 
(such as pomace and bagasse) to recycle organic material and nutrients, including 
K. If crop residues are allowed to remain in the field after harvest or are returned to 
the soil after processing, they quickly release any remaining cellular K, where it is 
recycled into the soil with rain and becomes available for uptake by succeeding 
crops. 

Many wastewaters and food processing residuals contain K. Applications of large 
quantities of K-containing waste should consider the potential effects on soil min- 
eralogy, soil cation ratios, soil physical properties (Oster et al. 2016), potential K 
leaching losses, and the overall nutrition of crops growing on the site (Arienzo et al. 
2009). 
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2.7.3 Forms of Potassium Fertilizer 


Commercial fertilizer comes in many forms. These include bulk blends of individual 
solid fertilizer products, complex granules, and fluids. 


2.7.5.1 Bulk Blends 


Most K fertilizer is mechanically blended with other solid fertilizers to make a mix of 
desired nutrients. This approach of blending separate components not only has the 
advantage of allowing various single materials to be selected based primarily on the 
cost of the separate components, but also achieves specific physical, nutritional, and 
chemical properties desired by the farmer. Freight costs associated with transporting 
individual solid fertilizers are usually less than transporting a variety of bagged 
materials or fluid fertilizers. A degree of flexibility is available to adjust the precise 
nutrient composition of the fertilizer blend according to specific crop and soil 
conditions. 

When separate fertilizer materials are blended together, care needs to be taken to 
match the size of the raw materials to minimize separation (segregation) during 
transportation and field application. Proper blending of solid fertilizer materials takes 
experience and understanding of the individual components to be successful. This 
also involves selecting appropriate granular, crystalline, or prilled fertilizer materials 
with the proper particle size. The critical relative humidity needs to be considered as 
the fertilizer will absorb atmospheric moisture which will affect the storage life of 
blends. The critical relative humidity for common K fertilizers is relatively high, 
making them less susceptible to caking and clumping than many other solid fertilizer 
materials. 


2.7.3.2 Complex (Compound) Granules 


Potassium is commonly used in many complex fertilizers that are mixed with N, P, 
and other plant nutrients all within a single granule. There are a variety of processes 
for making these homogeneous fertilizers, but they have the advantage that they will 
not segregate during transport or application, and every granule delivers the same 
quantity and ratio of nutrients. This can be particularly important when very low 
rates of nutrients, for instance, micronutrients, need to be applied uniformly across 
the field or in a band. The K portion of the granules is most commonly derived from 
KCI, which readily dissolves in the soil and quickly becomes available for plant 
uptake. 
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2.7.3.3 Fluid Fertilizers 


Solution fertilizers are preferred by some farmers. They are relatively easy to blend, 
are homogeneous, and can be applied in a variety of ways. When fertigating, fluid 
fertilizers provide a convenient way to introduce nutrients directly into the irrigation 
water for delivery to crops. Solid K fertilizers can also be dissolved to create fluids 
and then subsequently used in similar ways. 


2.7.4 Potassium for Fertigation 


Nutrients added to a pressurized irrigation system should be fully dissolved before 
adding them into the water stream. Although most common K fertilizers are rela- 
tively soluble, users should be aware of the differences between materials. The 
presence of impurities, fertilizer coatings, and conditioners can cause problems 
with plugging of the irrigation system, so these materials must be removed by a 
filter or avoided by using high-purity fertilizer products. The most common sources 
for fertigation are KCl, K5O4, KNO;, K2S203, and KH2PO,. The selection of a 
particular K source is generally based on price, solubility, and the accompanying 
anion. 

Choosing a specific K fertilizer for fertigation should account for potential 
chemical reactions between mixed fertilizers and the quality of the irrigation 
water. For example, the precipitation of calcium or phosphate salts in the irrigation 
lines can be minimized by selecting appropriate K fertilizer sources. Potassium itself 
is not generally a problem during fertigation, but the potential reactions of the 
accompanying anions need to be considered to avoid plugging the irrigation system. 


2.7.5 Salt Index 


Any soluble fertilizer will act as a salt when dissolved, thereby increasing the 
osmotic potential of the soil solution. The concept of “salt index” was first developed 
to predict the safety of a fertilizer placed in the proximity to a seedling (Rader et al. 
1943). As various protocols have been developed to measure the safety of fertilizers 
placed near seeds and roots, it has been shown that other factors such as the crop and 
soil type, soil temperature and moisture, and fertilizer application rate have an 
equally or more important impact on potential seedling damage than the salinity 
developed while the fertilizer dissolves (Mortvedt 2001). 

The original method for measuring salt index (Rader et al. 1943) was modified by 
Jackson (1958) and then again by Murray and Clapp (2004). Unfortunately, the 
different methods give inconsistent rankings in their prediction of potential salt 
damage. Additionally, the ranking of salt index reported for K fertilizers also varies 
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in commonly used reference books. The use of salt index values does not predict the 
amount of fertilizer that will cause plant damage, but instead is most useful for 
providing a relative ranking of materials. In cases such as fertigation and foliar 
applications of K, the dilution of nutrients in relatively large quantities of water 
makes the salt index values less applicable. For example, Jifon and Lester (2009) 
used six K sources (KCl, KNO3, KH5PO,, K5SO,, K2S203, and a glycine amino- 
acid complexed K) as a foliar spray on musk melon (Cucumis melo L.) and found no 
differences in plant damage from any source or concentrations, with the solution 
buffered between pH 6.5 and 7.7. 

The salt index of fertilizer is usually greatest for soluble N and K sources, 
indicating that it is usually best to avoid placement of large quantities close to the 
newly planted seed. A decision tool has been developed to help calculate the 
maximum amount of fertilizer that can be safely placed near seeds (SDSU and 
IPNI 2019). There is frequently little advantage for plant growth derived from 
placing fertilizer K very near the seed (unlike N and P) compared to the bulk soil. 
Damage to emerging seeds and seedlings from furrow-placed fertilizer can be 
minimized by avoiding high application rates of K. 


2.7.6 Chloride Considerations 


As mentioned previously, the selection of a particular source of K fertilizer is 
sometimes based on whether it contains Cl. There is a wide range of Cl sensitivity 
among plant species and cultivars. As a broad classification, many woody plant 
species, vegetables, and beans are more susceptible to Cl toxicity, whereas many 
non-woody crops tolerate higher concentrations of CI in the root zone (Maas 1986). 

There is a large body of literature related to the effects of CI on crop perfor- 
mance (Xu et al. 2000). Chloride is an essential plant nutrient, and it is routinely 
added in some environments to enhance plant growth and disease resistance (Chen 
et al. 2010). However, excessively high Cl” concentrations are linked to decreased 
crop growth and quality due to osmotic effects and specific ion toxicity. 

To illustrate the difficulty in generalizing chloride's effects, we highlight some of 
the research on potatoes (Solanum tuberosum L.). Potatoes are an important crop that 
are rated as moderately sensitive to root zone salinity (Maas 1986). The effect of K 
fertilizer source on potato growth and quality has likely received more attention than 
any other crop. Potatoes accumulate large amounts of K during the growing season 
(2600 kg K ha! year !; Horneck and Rosen 2008) and frequently receive K 
fertilizer to sustain high yields. There are reports of an undesirable reduction in 
specific gravity (% dry matter) in potatoes receiving various K fertilizers. Some 
researchers have observed no differences in potato specific gravity when comparing 
various K fertilizer sources, while others have measured a decrease in specific 
gravity when using KCl compared with K5SO, (e.g., Davenport and Bentley 
2001). This reduction in specific gravity may not be directly due to the presence of 
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Cl” but to greater K uptake from KCI and a higher salt index. These factors may 
cause the tubers to absorb more water than when fertilized with another K source. 

Other research shows that the total K application rate has a greater impact on 
reducing specific gravity of tubers than the individual K fertilizer source (Westerman 
et al. 1994). Additionally, when KCI is split into multiple applications, or if KCl is 
applied in the autumn (with adequate winter rain) for a spring-planted potato crop, 
any negative impact on specific gravity is eliminated. Factors such as the climate and 
the potato variety can also influence the effect of K fertilization on potato specific 
gravity (Hütsch et al. 2018). These many interacting factors illustrate the difficulty in 
generalizing about selecting the proper K source for all conditions. 

Differences in crop tolerance to Cl” clearly exist. Although general osmotic 
damage can occur to germinating seeds and growing plants, there are also specific 
ion effects that can harm plants. For example, Tinker et al. (1977) reported that KC] 
fertilizer caused more damage to germinating seedlings than KNO3, although the 
damage varied widely among the five plant species tested. They also reported that 
the fertilizer concentration, soil water content, and temperature also impacted the 
degree of seedling damage. Differences in the ability of species and cultivars to 
tolerate Cl” stress are often related to the ability to restrict Cl uptake to the plant 
shoot (White and Broadley 2001). 

The sensitivity of crops to salinity will change during the growing season, with 
young and newly developing seedlings generally most susceptible to salt damage. 
Once established, most crops become increasingly tolerant to salinity. In general 
practice, when application rates of KCl are not excessive or KCl is blended with 
another K source, no plant damage from excessive Cl is usually observed. In many 
situations, the amount of Cl added to a field as KCl is often small compared with the 
total amount of Cl already present in the soil and added as irrigation water. If KCl is 
applied in a localized band or zone in the soil, the initial soluble Cl concentration will 
spike and then decrease as Cl moves from the band into the surrounding soil by 
diffusion and mass flow. 


2.77 Foliar Potassium Nutrition 


Most crops have a relatively high demand for K throughout the growing season. If K 
uptake from the soil does not meet the plant demand, then growth, yield, and quality 
will suffer (Mikkelsen 2017). In the case where K uptake is insufficient, spraying an 
aqueous K-containing solution directly onto the plant foliage often overcomes this 
deficiency. 

Applications of K-containing sprays directly onto the foliage of annual and 
perennial crops are common. Fernandez et al. have made several insightful reviews 
on this topic (Fernández and Brown 2013; Fernández et al. 2013). This practice is 
frequently done on high-value vegetables (e.g., Gunadi 2009; Jifon and Lester 2009; 
Salim et al. 2014) and perennial crops (e.g., Ben Yahmed and Ben Mimoun 2019; 
Shen et al. 2016; Solhjoo et al. 2017). 
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A foliar application of K during the growing season has been shown to improve 
crop yield and quality in many situations. Some plants have a high physiological K 
demand during specific stages of their growth cycle. For example, cotton 
(Gossypium hirsutum L.) is routinely sprayed with a foliar K solution in order to 
boost lint yield and quality during the late stage of crop development (Oosterhuis 
et al. 2014). 

Crops frequently benefit from foliar K sprays if the soil-supplying capacity is too 
low (e.g., lack of proper fertilization) or if soil conditions do not permit uptake of 
soluble K by the roots (e.g., cold temperature, drought, water logging, nematodes, 
etc.). In these circumstances, a relatively small amount of K applied directly to the 
foliage can make a significant improvement to crop health and growth. 

Foliar fertilization is common when tissue testing or observation of visual 
symptoms identifies an emerging K deficiency. Prompt correction of the K defi- 
ciency can halt additional damage, since foliar-applied K is rapidly taken up through 
the leaves and quickly utilized in the plant (Fageria et al. 2009). Application of the 
dilute K fertilizer solution can be done using a variety of spray equipment (such as an 
airblast-type sprayer) to deliver K onto crop leaves to supplement the soil supply. 
Potential benefits achieved from an intervention with a foliar spray need to be 
weighed against the financial costs of the field operation. Foliar K applications 
often occur while other chemicals are being sprayed on the plants to minimize the 
number of trips through the field. 

Although foliar K sprays are beneficial in many situations, the majority of plant K 
is acquired and taken up by the roots. A foliar K fertilization program should be 
viewed as a supplement to maintaining an adequate concentration of soluble K in the 
soil. For example, Gordon and Niederholzer (2019) explain that a typical application 
to almond foliage of 27 kg KNO; ha! (~10 kg K ha) in 1000 L will likely result 
in an increased leaf K concentration. However, this single application will only 
provide about 3% of the total crop K requirement (assuming a spray application 
efficiency of 75%). Clearly this relatively small amount of K added through foliar 
fertilization is merely a supplement to the soil supply, even when multiple applica- 
tions are made through the growing season. 

Repeated applications of foliar K solutions with a high concentration of fertil- 
izer salt often leads to leaf damage (“salt burn"). Therefore, advice should be sought 
before beginning a foliar fertilization program in order to identify the appropriate 
4R-based practices (Right Source, Right Rate, Right Time, and Right Place) suited 
to a specific crop and agro-environment. 

Although KCI is the most common K fertilizer applied to soil, it has a high salt 
index (osmotic potential) and point of deliquescence (POD; crystallization) that may 
limit its use in foliar sprays. There are several excellent K fertilizer sources that are 
used for foliar nutrition. The most common of these are K;85O4, KNO3, KH5PO,, 
and organic-based formulations. 
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2.8 Summary 


Accounting for all K inputs is difficult to do accurately. Most inputs, except 
commercial fertilizers, have variable K contents that are not routinely measured on 
the farm. Testing those inputs for their content is preferred, but standardized values 
can be used as a substitute. The emphasis of this chapter has been on commercial 
fertilizers. These inputs are produced from K-bearing minerals found around the 
world. Reserves have an expected lifetime of thousands of years. When a need for 
additional K for plant growth has been identified, there are many sources of fertilizer 
that can be used to meet nutritional requirements. The selection of a specific potash 
fertilizer source largely depends on the nutrients that accompany the K, the fertil- 
izer's availability in the market, and its price. As new technology is introduced, the 
importance of less-soluble K-bearing minerals as a plant nutrient source may 
increase, especially in regions of the world where soluble K fertilizers are not 
accessible or are too expensive for farmers. There are many factors to consider in 
selecting the most appropriate K source. Whatever source is selected, the soluble K* 
is the same for nutrition of the plant. It is essential that an adequate concentration of 
plant-available K is maintained in the rootzone to produce abundant and high-quality 
crops. 
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Abstract Potassium (K) outputs comprise removals in harvested crops and losses 
via a number of pathways. No specific environmental issues arise from K losses to 
the wider environment, and so they have received little attention. Nevertheless, K is 
very soluble and so can be leached to depth or to surface waters. Also, because K is 
bound to clays and organic materials, and adsorbed K is mostly associated with fine 
soil particles, it can be eroded with particulate material in runoff water and by strong 
winds. It can also be lost when crop residues are burned in the open. Losses represent 
a potential economic cost to farmers and reduce soil nutritional status for plant 
growth. The pathways of loss and their relative importance can be related to: (a) the 
general characteristics of the agricultural ecosystem (tropical or temperate regions, 
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cropping or grazing, tillage management, interactions with other nutrients such as 
nitrogen); (b) the specific characteristics of the agricultural ecosystem such as soil 
mineralogy, texture, initial soil K status, sources of K applied (organic, inorganic), 
and rates and timing of fertilizer applications. This chapter provides an overview of 
the main factors affecting K removals in crops and losses through runoff, leaching, 
erosion, and open burning. 


Potassium is removed in harvested crops, a necessary and important part of agricul- 
ture and food production, but it is also lost by erosion, leaching, and open burning. 
Unlike nitrogen (N), there are no gaseous losses of K. Management practices can 
reduce losses, sustain plant-available soil K supplies, and improve the recovery 
efficiency of K applications. Compared to N and phosphorus (P), K losses have 
received little attention because they have few, if any, environmental impacts. 
Nevertheless, they represent a potential economic cost to farmers. They also increase 
the risk of poor soil K fertility and unbalanced nutrition for plant growth. 

Higher losses are expected in soils with a lower K holding capacity. We define 
potassium holding capacity as the maximum quantity of K that can be retained by a 
given volume of soil. A better understanding of the main pathways of K losses and 
the key factors controlling them can improve practical recommendations to ensure 
farmers optimize the K-holding capacity of their soils to increase or sustain produc- 
tivity and economic returns. 


3.1 Removal in Harvested Crops 


Harvested plant K is the quantity of K in plant material removed from a given area. 
The rate of K removal per unit area increases when the total K accumulation in 
harvested plant organs increases. Such increases occur with an increased K concen- 
tration in plant tissue, higher yields, or a shift toward removing additional plant 
organs from the area, such as straw and grain rather than just grain. 

An associated term is Harvest Index (HI), which is the fraction of the harvested 
yield divided by the total amount of biomass produced (Unkovich et al. 2010). 
Although the denominator is defined as the total biomass produced (shoots and 
roots), it is most common to only measure the above-ground biomass due to the 
difficulty of measuring root biomass. The unharvested portion that remains on the 
field following harvest is defined as crop residue. Knowing the proportion of 
biomass or nutrients (such as K) that will be removed during harvest and what 
proportion will remain as residue or be returned to the soil is essential for estimating 
K budgets. 

The HI can vary depending on the time of measurement. For example, many 
legume crops begin to shed leaves prior to physiological maturity and harvest. To 
correctly calculate the K requirement, the HI for these crops should be calculated 
using maximum biomass dry matter, including the leaves that fall to the ground. 
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During maize (Zea mays L.) harvest, the grain may be the only product removed 
from the field or in some circumstances the stalks, leaves, and husks may be all 
removed for economic purposes (such as for silage or bioenergy). Additionally, the 
residue stalks and stems are cut at varying heights above the ground. 

For determining the HI of horticultural crops, "maturity" is determined by 
market-driven parameters such as gelatinous mass filling of tomato fruit (Solanum 
lycopersicum L.), coloring of peppers (Capsicum annuum L.), head formation of 
lettuce (Lactuca sativa L.), plant size for spinach (Spinacia oleracea L.), tuber size 
for potatoes (Solanum tuberosum L.), or sugar accumulation of grapes (Vitis 
vinifera L.) 

Indeterminate crops may be harvested multiple times. The unharvested portion of 
annual crops is generally returned to the soil. For perennial crops, the woody portion 
will continue to accumulate biomass and nutrients, with only the leaves dropping to 
the soil. In some cases, crop residues may not be returned to the same field from 
which they were harvested (e.g., pomace and bagasse). 

Understanding both the rate of uptake and the total amount of K accumulated in 
the crop during the growing season, and in the harvested portion removed during 
harvest, is required for assessing the seasonal crop demand. For example, Bender 
et al. (2013) examined seasonal K uptake of six modern maize hybrids. They 
reported that K accumulation occurred in a sigmoidal pattern over the growing 
season, with most K uptake already completed by the time vegetative growth 
transitioned to reproductive growth. After this, a large amount of K was translocated 
from the vegetative tissue to the reproductive organs. At harvest, 30% of the total K 
was in the grain. 

Rogers et al. (2019) measured total K accumulation of five barley (Hordeum 
vulgare L.) cultivars and found it peaked at the soft dough stage (253 kg K ha^!) and 
then declined to 172 K kg ha ' at physiological maturity. This loss of 81 kg K ha! 
from the biomass occurred at the same time as a small increase in K in the barley 
heads (from 37 to 42 kg K kg ha !). Sugarbeet (Beta vulgaris L.) had a sigmoidal 
pattern of K accumulation, with approximately half of the total accumulated K 
(2500 kg K ha_') in the vegetative tops and half in the roots by the time of harvest 
(De et al. 2019). 

Perennial crops can accumulate and export a large quantity of K at harvest. For 
example, almonds (Prunus dulcis (Mill.) D. A. Webb) remove 400 kg K in a typical 
5tha ! yield in the harvested hulls, shells, and kernels (Muhammad et al. 2009), and 
bananas (Musa spp.) remove even more ~750 kg K in a typical 50 t ha^ ! yield during 
the extended fruit harvest period (Lahav and Turner 1989). 

Crops grown for hay production, such as alfalfa (Medicago sativa L.), also 
remove large amounts of nutrients from the soil, especially K. For example, a 
healthy alfalfa crop may remove 25 kg K t^! in a typical 25-35 t ha! yield. 
Cultivating high-yielding hay crops therefore requires special attention to avoid 
depleting the soil nutrient supply. 

The K concentration in the residue of agricultural crops varies widely, as does the 
rate of subsequent K release from the residue (e.g., Anguria et al. 2017). Estimating 
both the quantity of crop residue and its K concentration are necessary steps for 
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measuring the K in residues and the potential for K loss or recycling from residues 
remaining in the field. 

Although the general differences in K removal among grain crops are well 
documented (e.g., soybeans seeds Glycine max (L.) Merr. contain approximately 
4 times more K per t than maize), there is important variation in nutrient content 
among species based on the growing environment, yield level, and crop genetics. For 
example, Nathan et al. (2009) analyzed maize grain samples (n = 141 in 2006 and 
n = 214 in 2007) and measured a mean K concentration of 3.4 mg K kg”! and 
2.7 mg K kg ! in the 2 years, respectively (40.5 mg K kg '! standard deviation). 
Even within the fairly small geographic region sampled, they found >25% differ- 
ence in corn grain K concentrations in the 2 years. 

This temporal difference in nutrient removal during crop harvest illustrates the 
challenge of using "average values" for estimating K offtake. A number of published 
databases exist that provide average nutrient removal coefficients for most harvested 
crops. However, many of these tables and databases do not use up-to-date measure- 
ments, do not properly cite where the information came from, or are not reliable for 
accounting for the significant spatial, cultural, and temporal variation in nutrient 
concentrations that arise during routine crop production practices. General nutrient 
removal databases can be useful for making nutrient offtake estimates but should not 
be used for more precise planning. Samples of harvested crops should be periodi- 
cally analyzed in the laboratory in order to confirm the quantity of nutrients being 
removed from the field. 


3.1.1 Whole-Plant Removal 


The practice of removing straw from grain fields is common in many parts of the 
world and has important implications for both soil health and nutrient cycling. 
Residue removal may be locally useful for purposes such as animal feed or bedding, 
fuel, or for use in cellulose-based ethanol production. However, some level of 
organic matter input is required for maintaining the long-term ecological function 
and the agricultural productivity of soils. 

Crop residues contain valuable plant nutrients, so removing them from the field 
will speed nutrient depletion and have economic impacts, especially for K. For 
example, small grain straw contains less P and N than the grain, but a higher 
proportion of K; i.e., the average straw:grain mass nutrient ratio in wheat is 0.47 
for N, 0.26 for P, but 4.12 for K; the straw:grain nutrient ratio in barley is 0.49 for N, 
0.35 for P, but 5.04 for K (Tarkalson et al. 2009). Therefore, when both grain and 
straw are removed from fields, soil K depletion is accelerated compared with 
harvesting only grain. The financial expense associated with purchasing K fertilizer 
to replace this harvested K should be accounted for in long-term nutrient budgets and 
decisions on residue removal. 

Methods of handling the straw and crop residues also need to be considered when 
calculating potential K losses. Since K is readily leached from crop residues with 


3 Outputs: Potassium Losses from Agricultural Systems 79 


rainfall and irrigation, the length of time the residue remains in the field before 
removal and how the residue is distributed before removal (e.g., windrows, piles, or 
broadcast) will significantly impact the amount of K ultimately removed in the 
biomass. 


3.20 Erosion 


Erosion loss is K lost from the movement of soil particles out of a given volume of 
soil. Losses can occur in both water and wind erosion. Soil particles eroded from the 
field carry adsorbed K with them. Water erosion occurs mostly across the soil surface 
or at shallow depths by runoff, but particles can also be transported to depth and lost 
through field drains, if the land is drained. 


3.2.1 Water Erosion 


Runoff loss arises from surface and subsurface movement of water. Surface runoff 
loss is K in water moving laterally over the soil surface in the direction of the slope. 
Subsurface runoff loss is K in water that infiltrates the soil surface to shallow 
depths and then moves laterally in the direction of the slope. 

Korucu et al. (2018) used a collection pan at the soil surface to measure only 
surface runoff. They conducted their study on a site with 2% slope composed of 
loam and clay loam soils. A day after maize silage harvest, they planted cereal rye to 
test the effects of a cover crop on surface runoff. Approximately 1 month after 
planting rye, they broadcast 13 kg NH4-N ha !,27 kg P ha, and 83 kg K ha”! as 
monoammonium phosphate and potassium chloride. An hour later, they simulated a 
10-year extreme rainfall event, using spray nozzles to deliver 65 mm of water in 
60 min. Such conditions favored runoff losses of fertilizer P and K. On treatments 
with no rye cover crop, it took an average of 4.9 min for runoff to begin after the start 
of the rainfall simulation (Table 3.1). Runoff averaged 27.3 mm. Total suspended 
solids averaged 444 kg ha ! and K loss averaged 12.42 kg K ha '. Average 
concentration of K in the runoff was 43.0 mg L~'. The month-old rye cover crop 
doubled the time for runoff to begin and reduced the total runoff amount by 65%, the 
total suspended solids by 68%, the K concentration by 75%, and the total K loss by 
9196. Thus, even when a simulated 10-year rainfall event occurred just 1 h after a 
surface application of K, the rye cover crop reduced the K runoff loss to an average 
of 1.08 kg K ha^. Where no cover crops were present, K losses across replications 
were 4—32% of the amount applied an hour before the start of the rainfall simulation. 
These results and others indicate that K losses in surface runoff depend on rainfall 
intensity, the timing of precipitation events, and the management of K applications 
(Alfaro et al. 2004b, 2008). 
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Table 3.1 Results of a 60-min, 65 mm simulated rainfall event starting 1 h after a broadcast 
application of 13 kg NH4-N ha !, 27 kg P ha™', and 83 kg K ha _' on an experimental area with 2% 
slope and dominant soil series Clarion loam and Nicollett clay loam. (Korucu et al. 2018) 


Cover |Rep. | Time to runoff | Runoff | Total suspended solids | K concentration | K loss 
crop no. min mm kg ha! mg L`! kg ha! 
None | 1 5.0 10.6 134 43.9 4.66 
None | 2 4.0 42.6 797 39.6 16.83 
None |3 5.3 31.7 491 33.5 10.62 
None |4 7.5 17.9 407 20.0 3.57 
None |5 2.7 33.9 392 71.9 26.42 
Mean 4.9b 27.3a | 444a 43.0a 12.42a 
Rye 1 8.0 13.6 179 10.5 1.43 
Rye 2 10.0 13.2 142 13.7 1.81 
Rye 3 13.7 5.7 54 9.2 0.52 
Rye 4 17.3 5.5 143 6.2 0.34 
Rye 5 4.0 9.5 191 13.5 1.28 
Mean 10.6a 9.5b 142b 10.6b 1.08b 


Means separated by different letters within a column are significantly different at p < 0.05 
Results are given for each of the five replications within each cover crop treatment 


In temperate systems, favorable conditions for the development of surface runoff 
are mainly found during winter months. Although no mineral fertilizers are usually 
applied at that time, livestock farmers may apply substantial amounts of organic 
manures and slurries because there is more labor capacity available and the appli- 
cation does not interfere with grazing and cropping. Spreading in winter also helps to 
reduce storage requirements for manure or slurry. Some countries ban the spreading 
of manures and slurries in winter to reduce losses of nitrate and P to waters. 
However, the practice, as well as fertilizer applications in early spring, is still 
common and increases the risk of K losses in runoff (Alfaro et al. 2004a). The effect 
is likely to be greater in grazing areas because of the excessive trampling by animals 
that modifies soil structure, puddling the soil surface and reducing soil porosity 
(Heathwaite et al. 1996). In this case, the control of stocking rates at critical points 
during the grazing season is a key factor to reduce K losses from grazed paddocks 
(Alfaro et al. 2004a, b). 

Rain reduces the porosity of the soil over time, increasing the likelihood of K 
runoff losses. Raindrop impact destroys soil aggregates and increases the thickness 
of the compacted surface layer (Rousseva et al. 2002), especially at high rainfall 
intensities, such as those in tropical regions (e.g., Acharya et al. 2007). This risk 
increases in soils with poor drainage. Under no-till, surface-applied K fertilizer 
increases the K concentration in runoff; however, because surface crop residue 
reduces the force of raindrop impact, sediment loss in the runoff is reduced, resulting 
in an overall decrease in total K loss (Bertol et al. 2005). 

Zobisch et al. (1995) measured total K loss from water erosion and the impact of 
cropping on losses in a soil with 896 slope at the Kabete Steep Lands Research 
Station in Nairobi, Kenya. The four treatments were maize (Zea mays L.), common 
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Table3.2 Erosion and runoff losses of K from a soil with 8% slope with four cropping treatments: 
bare fallow, maize, bean, and maize intercropped with bean. (Zóbisch et al. 1995) 


Total K Erosion K Runoff Runoff (dissolved) K 
loss Soilloss |loss* loss loss” 

Cropping® kg Kha! |Mgha ! |% of total m ha! % of total 

Bare fallow 52.3 25.4a 97.7 246a 2:3 

Maize 14.7 6.17b 97.1 140b 2.9 

Bean 8.1 3.39b 94.1 114b 5.9 

Maize and 5.5 1.89b 92.1 46c 7.9 

bean 


?Bare soil lost significantly more K (kg ha!) from erosion than the other cropping treatments 
Quantities of runoff K were not statistically different across cropping treatments 
*Maize (Zea mays L.) and common bean (Phaseolus vulgaris L.) 


bean (Phaseolus vulgaris L.), maize intercropped with common bean, and bare 
fallow. Sediment was collected after each rainfall event during the rainy season. 
There were 22 rainfall events during that period, eight of which, totaling 189.6 mm, 
produced runoff and erosion. Table 3.2 shows that bare fallow lost the most total 
K. Losses from the cropped treatments did not differ significantly, although losses 
from maize tended to be higher. Erosion contributed most to K loss—over 9096 for 
all treatments; K dissolved in runoff comprised less than 1046 of the total across all 
treatments. 

Bertoluzzi et al. (2013) observed that the composition of suspended sediment 
differed significantly from that of the soil from which it was lost. During a 39-mm 
rainfall event with a peak intensity of 3.25 mm min '!, they sampled suspended 
solids from a stream monitoring point at the outlet of a 36-farm, 480 ha watershed in 
the Rio Grande do Sul State in southern Brazil. They divided stream flow occurring 
120 min after the start of rainfall into three periods: phase A (15-min duration) was 
the initial period when streamflow was still near background levels and suspended 
solid concentrations were low; phase B (70-min duration) was characterized by high 
suspended solid concentrations and a rapid increase in flow in response to the rainfall 
event, followed by a slow decrease; and phase C (35-min duration) was when flow 
rate returned to background levels but contained low concentrations of suspended 
solids composed of fine particles. The total transported sediment was 29.2 Mg. Clay- 
sized particles dominated the sediment composition (Table 3.3) even though clay 
contents of the soils in the watershed were all less than 2196. Smectite comprised 
more than 90% of the clay, with most of the remainder being kaolinite. Illite, present 
in quantities up to 25% in some of the soils in the watershed, was not detected in the 
sediment. Potassium, defined as “labile K,” was lost in both phases. Bertoluzzi et al. 
(2013) defined labile K as the quantity of K in the soil solution plus the quantity of K 
most readily desorbed into solution from particle surfaces (1.e., the most soluble K in 
soil). To quantify labile K, they extracted K from soil with a cation/anion exchange 
resin for 16 h and then measured the K adsorbed to the resin. They repeated the 
extraction on the same sample of soil for a total of four successive extractions but 
considered labile K to be the K desorbed from the soil in only the first extraction. The 
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Table 3.3 Composition of sediment lost from a 480-ha watershed during a single rainfall event 
totaling 39 mm with a peak intensity of 3.25 mm min’. (Bertoluzzi et al. 2013) 


Streamflow |K lost from Labile | Additional Clay in Silt in Sand in 
phase watershed" K bioavailable K | sediment? | sediment | sediment 
% of K 


kg K lost % of K lost % % % 


“Values calculated from sediment K concentration (mg kg !) and a total sediment load of 29.2 Mg 
The sum of clay, silt, and sand contents may not total 100% due to rounding errors 


sum of all the K desorbed during the second through fourth extractions was 
considered to be additional, potentially bioavailable K desorbed more slowly than 
the labile K (Table 3.3). They found that labile K was greatest in phase A and second 
highest in phase C, even though phase C had the highest clay content and most 
persistent suspension of fine particulates. Phases A and C also contained the highest 
quantities of total bioavailable K (labile plus additional, more slowly desorbed 
bioavailable K). Both of these phases were associated with slower streamflow. 


3.2.2 Wind Erosion 


Potassium is also lost through wind erosion. The greater the velocity of wind, the 
more soil is eroded (Wang et al. 2018). The smallest dry particle sizes are most 
susceptible to wind erosion (Yan et al. 2018). Dry particle size can be measured by 
air-drying soil samples and then passing them through a series of sieves of progres- 
sively smaller mesh sizes. (Dry particle size is not the same as soil texture. Soil 
texture is determined by using a dispersing solution, typically sodium 
hexametaphosphate, to break up aggregates into sand-, silt-, and clay-sized frac- 
tions.) Depending on the soil and its management, dry particles of a given size can be 
made up of a variety of percentages of clay, silt, and sand. Yan et al. (2018) observed 
that wind-eroded soils lost more fine dry particles («0.2 mm in diameter), than larger 
dry particles; however, the sand, silt, and clay composition did not change. They also 
found that, compared to the composition of the bulk soil, a disproportionate amount 
of K was lost with the fine dry particles. 

These few studies elucidate key points about erosion. First, erosion losses of K, 
though they have not been studied to the extent that leaching losses have, can be a 
dominant form of loss. Second, the composition of eroded soil can be very different 
from the bulk soil. Smaller-sized particles are more subject to erosion, and those 
smaller particles contain a significant portion of the bulk soil's K supply. 
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3.3 Leaching 


Leaching is the displacement of K below the rhizosphere volume by water perco- 
lating down the soil profile. The rhizosphere volume is the volume of soil adjacent 
to and influenced by plant roots. Leaching losses can be expected in the presence of 
drainage when K inputs exceed the sum of K holding capacity and plant uptake 
(Johnston 2003). Leaching losses can be as low as 0.2 kg K ha! year ! in the 
prairies of northern America (Brye and Norman 2004) and as high as 
185 kg K ha ! year ! under urine patches in a silt loam soil in New Zealand 
(Di and Cameron 2004). These losses are influenced by the rate of K applied, the 
timing of fertilizer or manure application, soil type and land use, and the amount and 
pathways of drainage. 

It has been proposed that K leaching losses follow a two-phase pattern (Fig. 3.1). 
Phase A (fast) arises from macropore flow and the presence of K in solution. 
Macropore flow, or preferential flow is the rapid movement of water and solutes 
through large pores. 'These large pores may be channels left by roots or worms, 
cracks in the soil, or other larger voids formed from biological, geological, or 
anthropogenic causes. The presence of K in solution at the beginning of the drainage 
season may result from any one or more of the following: release of K from soil 
particles upon rewetting; applications of K as fertilizer or manure; leaching from 
crop residues; or soil biological activity (Alfaro et al. 2004b; Askegaard et al. 2003). 
Phase B (slow) is dependent on the amount and intensity of rainfall and the 
associated development of matrix flow later in the drainage season (Alfaro et al. 
2004b). Matrix flow is the slow movement of water and solutes from soil volumes of 
higher total soil water potential to soil volumes of lower total soil water potential. 


Fig.3.1 Simplified 
diagram showing the initial 
rapid leaching phase arising 
from macropore flow and 
the presence of K in solution 
(Phase A), and the 
subsequent slow leaching 
phase (Phase B) caused by 
matrix flow. (Alfaro et al. 
2004a) 
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Fig. 3.2 Modelled 
relationships between the 
fraction of K adsorbed to 
soil particle surfaces and the 
rate of K applied for a soil 
layer 1-cm thick. (Johnston 
and Goulding 1992) 
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Potassium-holding capacity is determined by the presence of soil particles with 
adsorption sites that hold K on the planar, edge, wedge, and interlayer sites of 
phyllosilicate minerals. These sites bind K with sufficient energy to keep it from 
readily re-entering the soil solution. The largest number of these sites is usually 
present in the clay fraction where the smallest particle sizes maximize surface area. 
Fewer sites are available in the silt fraction and fewer still are in the sand fraction. 
Thus, the expectation is that K leaching is least in clay soils, greatest in sandy soils, 
and somewhere between in loamy soils. Figure 3.2 shows this conceptual relation- 
ship for sand and clay for a layer of soil 1-cm thick. As progressively more K is 
added, an exponentially lower proportion of it is adsorbed as adsorption sites are 
saturated with K, leaving a greater proportion of the added K in the soil solution. 
This soil solution K is free to move downward with the wetting front to the next soil 
layer. 

For a given K-holding capacity, a history of higher application rates of K reduces 
the quantity of additional K that can be retained. Rosolem et al. (2010) observed 
greater movement of K down the soil profile with successively greater rates of 
previously applied K. High application rates of manure can have the same effect. 
Not accounting for K when using organic sources (Askegaard and Eriksen 2002; 
Bernal et al. 1993) or wastewater (Arienzo et al. 2009) can result in overapplications 
of K, saturating adsorption sites and exceeding the K holding capacity. 

Proper manure management should require farmers to account for K in manures, 
which is much more variable than in commercial fertilizers. Ideally, each load of 
manure should be tested for its K content to allow the farmer to back calculate how 
much K was applied. While some testing is done, in practice, it is more common to 
use standardized estimates of K concentration and plant-availability. Software 
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Table 3.4 Results from leachate collected from four different soils placed intact into lysimeters 
80 cm in diameter and 135 cm deep and then buried in soil in the field. (Alfaro et al. 2004b) 


Flow Average K concentration Total K loss 
Soil series Texture L mg L! kg ha^! 
Radyr Loam 385a 0.2b 1b 
Frilsham Loam over chalk 371a 0.6b 4b 
Newport Sand 404a 2.4b 19a 
Hallsworth Clay 197b 6.0a 39a 


Means separated by different letters within a column are significantly different (p < 0.05) 


decision support tools like MANNER-NPK estimate plant-available nutrients in 
manures and other organic materials (Nicholson et al. 2013) to help farmers account 
for the K applied. Another decision support tool is OVERSEER (Wheeler et al. 
2003), a farm-scale nutrient budget model used by farmers and consultants through- 
out New Zealand. The model strives to optimize nutrient input (both inorganic and 
organic) to maximize production while minimizing nutrient losses to water (Wheeler 
et al. 2008). 

Soils with higher clay contents may not necessarily have greater K-holding 
capacities. Macropore flow has such a dominant effect on K leaching that it can 
override differences in soil texture. As an example, Alfaro et al. (2004b) conducted 
leaching studies on monolith lysimeters of four soils: one sand, two loams, and one 
clay. Each lysimeter was 80 cm in diameter and 135 cm deep. The study used four 
lysimeters of each soil as replicates, buried in a field so that the top of the lysimeter 
was level with the soil surface. The excavated monolith columns preserved the 
original structure of each soil. Dairy slurry containing 5.7% K (dry basis) was 
applied at a rate of 24 L per lysimeter, split evenly across four applications during 
the year. Table 3.4 presents the results for leachate collected between October 2000 
and April 2001. As expected, total K leaching losses from the two loam soils were 
both less than those from the sandy soil, even though flow from all three soils was the 
same. Unexpectedly, the clay soil lost as much K as the sand. Leachate from the clay 
soil had the lowest flow but the greatest concentration of K. The dominance of 
macropore flow in two of the four lysimeters containing the clay soil prevented K in 
the percolating water from diffusing into clay aggregates and being adsorbed. In 
those two lysimeters, the average K concentrations across the sampling period were 
25.5 and 36.3 mg L`". In the other two clay soil lysimeters, matrix flow dominated, 
resulting in average K concentrations of 1.6 and 0.9 mg L~ 1. When all four replicates 
of the clay soil were averaged it had the highest losses of K, but with very large 
variation. These results show how important macropore flow can be for determining 
the quantity of K leaching losses and the likely spatial variation of leaching in clay 
soils. 

Macropore flow has been shown to occur immediately after a cattle urination 
event. The quantity of K in the event is large, and is deposited to a small volume of 
soil. Also, the K supply is usually in excess of the short-term requirements of the 
plants growing in the urine patch. Consequently, K penetrates to depth in the profile 
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(Williams and Haynes 1992). As with the lysimeters above, percolation occurs too 
quickly for any significant sorption reactions between the soil and solutes in the 
urine (Williams and Haynes 1992). In dairy systems, urine from dairy cattle is 
responsible for 74 to 92% of total K losses (Williams et al. 1990), accounting for 
3-29 kg K ha! year ' in grazing areas of Chile and New Zealand (Alfaro et al. 
2006; Williams et al. 1990), and up to 185 kg K ha! year! under urine patches in 
New Zealand soils (Di and Cameron 2004). 

While practitioners in the field often associate greater K retention with higher 
cation exchange capacity (CEC), CEC has not proven to be a good predictor of K 
loss from soils (Quémener 1986). An important confounding factor is organic 
matter, which has a high CEC but does not bind K as strongly as mineral adsorption 
sites (Quémener 1986; Thomas and Hipp 1968). In high organic matter soils, heavy 
rains can seriously deplete the amount of soluble K in a matter of days (Thomas and 
Hipp 1968). In addition, the presence of clay-sized phyllosilicate minerals with high 
CEC does not limit K leaching losses if macropore flow is present. Thus, CEC alone 
is not a good predictor of K leaching losses; however, it could be a useful factor in 
prediction models that incorporate additional factors. 

When N increases crop K uptake and yield, lower K leaching losses may follow. 
For instance, the use of nitrification inhibitors such as dicyandiamide in grassland 
soils has been found to reduce K leaching losses by up to 6596, probably as an 
indirect effect of its increasing yield (Di and Cameron 2004). However, N applica- 
tions may also result in larger quantities of leached K, even when system produc- 
tivity is increased. In a study conducted in southwest England (Alfaro et al. 2003), 
larger K leaching losses occurred even though N applications increased system 
productivity so much that K outputs exceeded K inputs, resulting in a net negative 
K budget. 

In intensively managed agricultural systems with nutrient surpluses, greater K 
leaching losses are usually linked to greater N leaching losses (Brye and Norman 
2004). Nitrate leached through the soil profile forms ion pairs with other solution 
cations to balance charge. When K* is part of the ion pair, it will move with NO; - 
down the soil profile. This effect has also been observed after liming. In acidic soils, 
liming promotes nitrification and increases nitrate concentration in the uppermost 
soil layers, resulting in higher K leaching losses (Crusciol et al. 2011). Additionally, 
calcium (Ca?*) and magnesium (Mg”*) in lime can exchange with K* on soil particle 
surfaces, moving it into the soil solution. Greater K leaching can also occur when 
competing cations are present in irrigation water (Kolahchi and Jalali 2007; Sekhon 
1982). 


3.4 Modeling Potassium Losses 


Several models, ranging from conceptual to computational, have been developed to 
estimate K behavior. This section highlights some of these past efforts to model K 
losses from soils. 
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3.4.1 Conceptual Model of Leaching 


Alfaro et al. (2004a) proposed a conceptual model that combined surface runoff, 
macropore flow, and matrix flow. Their model was based on research conducted on 
field drainage plots (Armstrong and Garwood 1991). Each of those plots collected 
surface runoff and subsurface runoff downslope from the upper 30 cm of soil. 
Subsurface runoff from this layer was associated with macropore flow. On drained 
plots, mole channels placed below 30 cm were added along with an associated 
second drainage collection point downslope. Flow collected at that second point was 
associated with matrix flow and classified as leaching. The conceptual model is 
presented in Fig. 3.3. The solid black line represents the combination of surface 
runoff, macropore flow through the upper 30 cm of soil, and subsurface runoff from 
that upper layer. The dashed line represents matrix flow. At the start of the time 
period considered, the soil is dry, and there is little runoff or matrix flow. When 
rainfall starts, runoff flow increases, but matrix flow remains low. Once enough time 
has passed for water to infiltrate the soil, matrix flow subsequently increases. 
According to these principles, higher intensity rainfall events favor larger losses 
by runoff, because larger quantities of water fall before matrix flow become 
significant. 


3.4.2 EPIC 


De Barros et al. (2004) modified the EPIC model to estimate K losses through 
leaching, surface runoff, and subsurface runoff. They adjusted the model to match 
the climatic (semiarid), pedological, and cropping system conditions in Brazil. Soil 
is modeled as a stack of soil layers. For only the first layer, K lost in surface runoff is 
subtracted and not added to any remaining soil layers. For all layers, K lost in 
subsurface runoff and leaching are subtracted from a given layer and added to the 
next layer until the bottom of the soil profile is reached. 


A 


surface and subsurface runoff 


Flow (L) 


Fig. 3.3 Idealized hydrograph of water flow after rainfall on a dry soil. (Alfaro et al. 2004a) 
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3.43 KLEACH 


Johnston and Goulding (1992) used relationships similar to Fig. 3.2 as the basis for 
the model KLEACH. This model considers soil to be a series of consecutively 
stacked 1-cm thick layers. Added K not adsorbed by one layer moves to the adjacent 
layer below it. The model estimates K adsorbed by each successive layer as K moves 
down the soil profile. Figure 3.4 shows the results of two simulations for the 
cultivated layer (20 cm) of soil. The first (Fig. 3.4a) is for 200 kg K ha! applied 
as KCI to a clay loam soil. The second (Fig. 3.4b) models 800 kg K ha ' applied as 
manure slurry to a sandy soil. In both cases, KLEACH models 100% adsorption of 
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Fig. 3.4 Predicted distribution of K applied (a) at a rate of 200 kg K ha _' as KCl on a clay loam 
soil, and (b) 800 kg K ha! as manure slurry on a sandy soil in the cultivated layer (20 cm) of each 
soil. (Johnston and Goulding 1992) 
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the applied K when summed over all soil depths. Compared to the clay loam, the 
sand is predicted to adsorb less K in each 1-cm layer, resulting in deeper penetration 
of K down the soil profile. The model predicts the movement of K through the soil 
profile and so the risk of leaching, rather than actual leaching loss. 


3.4.4 NUTMON 


Smaling and Fresco (1993) developed the multilevel decision support model for 
monitoring the soil nutrient balance (NUTMON). Data collected from the Kisii 
District in Kenya were used to develop the model (Smaling et al. 1993), and the 
authors stated that the regional level was most appropriate for operating it. 

In NUTMON, loss of K by erosion is based on estimates of soil erosion, using the 
universal soil loss equation (Smaling et al. 1993). Soilloss is multiplied by estimated 
total K concentration in the 0—20 cm layer of soil, which varies by clay content and 
exchangeable K. To account for the enrichment of K in eroded sediment, compared 
to the soil in situ, the estimated total K loss is multiplied by an enrichment factor. 
The result is multiplied by 0.75 to quantify net K loss. In a related effort, although 
not formally part of NUTMON, Lesschen et al. (2007) used the LAPSUS model 
(Schoorl et al. 2000, 2002) to estimate sediment transport rates, quantifying soil 
erosion as well as sedimentation. 

NUTMON estimates the amount of K leached as a percentage of the K applied as 
fertilizer and manure (Smaling and Fresco 1993; Smaling et al. 1993). These 
percentages range from 0.5 to 1.096 and are adjusted for annual rainfall and clay 
content, with higher annual rainfall adjusting percentages toward 1.0% and higher 
clay content adjusting percentages the opposite direction, toward 0.5%. Lesschen 
et al. (2007) revised this methodology based on new algorithms developed for 
nitrogen (N) in NUTMON. They developed the following multiple regression 
model (Eq. 3.1) to estimate K leaching for a wide range of soils and climates: 


K leached = —6.87 + 0.0117P + 0.173F& — 0.265CEC (3.1) 
where: 
P annual precipitation (mm) 
Fk mineral and organic fertilizer addition (kg K ha^!) 


CEC cation exchange capacity (cmol(4) kg). 


This equation was used to develop the K-leaching estimates used to calculate the 
K balances of sub-Saharan African countries presented in Chap. 11. 
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3.45 SVMLEACH-NK POTATO 


Fortin et al. (2015) developed SVMLEACH-NK POTATO to simulate the daily 
dynamics of N and K leaching losses during the potato-growing season in Quebec, 
Canada. The model uses the least squares support vector machines (LS-SVMs) 
method, a machine learning technique that looks for patterns in data and performs 
regression in a high-dimension feature space (Fortin et al. 2014). The best-fit 
empirical model built from the training data set used the following variables: 
seasonal precipitation, seasonal temperature, N rate, day of year, and percent clay. 
Consequently, model users enter planting date, N application rate, percent clay, daily 
mean temperature, and daily total precipitation. The model relates nitrate leaching to 
K leaching, consistent with K* being one cation forming an ion pair with NO; in 
the soil solution during leaching. 


3.4.6 SWAT-K 


Wang et al. (2016) modified the Soil and Water Assessment Tool (SWAT) to 
simulate stream K load and K budgets of the Shibetwu River Watershed, an area 
of dairy farming in Japan where 95% of the agricultural land is under pasture. The 
SWAT-K model is an example of a more integrative K management approach. The 
model considers K losses in surface runoff, subsurface runoff (lateral flow), 
leaching, and erosion and simulates total K load at the outlet of the watershed. 
Wang et al. (2016) calibrated the model to measured levels of streamflow, suspended 
sediment load, and dissolved K. 


3.5 Open Burning 


Open burning is the unenclosed combustion of materials in an ambient environ- 
ment (Lemieux et al. 2004). We limit our discussion to the burning of plant material 
in place at or near the soil surface, including wildfires, prescribed burning, burning 
for land clearing, and stubble burning (the burning of crop residues on agricultural 
land). Emissions from burning include particulate matter, nutrients, water, carbon 
dioxide, carbon monoxide, methane, volatile and semi-volatile organics, acid aero- 
sols, metals, polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans, and 
polychlorinated biphenyls (Lemieux et al. 2004). Potassium is among the nutrients 
lost in burning. 

Gaudichet et al. (1995) identified three K-containing particles emitted from 
biomass burning: carbonaceous, drop-shaped microsoot particles ranging from 0.2 
to 0.5um contain K associated with sulfur (S); potassium salt condensed as cubic 
crystals of KCI less than 1um in size and occurring either separately or embedded in 
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other constituents associated with open flames; larger vegetation relics (greater than 
lum) containing K in partially combusted material. Long-distance transport is 
possible for all of these particles. 

Potassium is the most abundant of the nutrients in particles emitted from burning 
vegetation. This is in contrast to emissions from fossil fuels that contain little K 
(Ruscio et al. 2016). Gaudichet et al. (1995) suggested that the presence of K could 
be used to differentiate biomass emissions from fossil fuel emissions. Support for 
such differentiation was provided by Amici et al. (2011) who used hyperspectral 
imaging to confirm that K emission was a characteristic of open flames from biomass 
burning. 

We know relatively little about the quantity of K lost by open burning. The fact 
that K can be lost in this way is contrary to the belief that burning simply leaves K in 
the ash on the field. While ash does contain K, it clearly does not contain all the K 
that was in the plant material prior to burning. Further research will need to 
determine just how much K is lost during open burning. 


3.6 Considerations for Potassium Recommendations 


The development and implementation of Best Management Practices (BMP) for 
fertilizer use, with a focus on source, rate, time, and placement (i.e., the "AR" 
approach: right source, right rate, right time and right place), is necessary in the 
short-term to increase productivity and economic returns and in the long-term to 
provide more efficient ways of using non-renewable resources upon which food, 
feed, fiber, and fuel production depend (Fixen and Johnston 2012). 

Source of K can be a factor when adjusting recommendations to limit losses. 
Most K sources (fertilizers, manures, composts, crop residues, and wastewaters) 
contain K in the simple cationic form of K* (Arienzo et al. 2009; Stockdale et al. 
2002), and inorganic fertilizers and organic manures are equally effective for 
meeting the K requirements of crops (Johnston and Goulding 1990). Organic 
sources, however, may sustain higher concentrations of solution K (Addiscott and 
Johnston 1975). To what extent these higher levels contribute to greater leaching or 
more efficient plant utilization has yet to be clarified in research. Enhanced- 
efficiency fertilizers (for example, Di and Cameron 2004; Gillman and Noble 
2005; Yang et al. 2016) are a technological approach to increasing K use efficiency. 
The main advantage of these is that the K release may more closely match plant 
requirements through the season, reducing the risk of losses. However, in a green- 
house experiment, Bley et al. (2017) found that using slow-release (polymer coated) 
KCI reduced leaching compared to traditional KCI, but the slow rate of release was 
not sufficient to meet crop K demand during the initial phase of growth. The rate of 
adoption of technologies such as these is limited because of: the cost of the materials 
in comparison to traditional sources; the existence of regulatory policies (Gillman 
and Noble 2005); health and safety issues associated with their application 
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(Timilsena et al. 2015); and sometimes a lack of information available on its impacts 
on productivity at the farm level. 

The rate of K fertilizer recommended to farmers should account for K losses. 
While some decision tools exist, the focus has been on calculating more accurate 
nutrient budgets to eliminate overapplications. Adjusting K inputs in relation to 
estimated outputs to avoid a surplus at risk to leaching is a key factor for reducing K 
leaching losses. In tropical, coarse-textured soils managed under no-till, K leaching 
is high when fertilizer application exceeds plant demand (Rosolem and Steiner 
2017). Process models that simulate K loss by water and wind erosion have yet to 
be developed, and even those that exist and estimate runoff and leaching losses for a 
given set of conditions have yet to be incorporated into algorithms that adjust K 
fertilizer rates recommended to farmers. 

Timing of fertilizer applications is another approach to managing K losses. High 
K application rates may generate high K leaching losses, especially when drainage 
exceeds 500 mm (Bolton et al. 1970; Thomas and Hipp 1968). In fact, rainfall 
distribution and intensity are often more important than total precipitation 
(Quémener 1986) because of their impacts on surface runoff relative to the amount 
of matrix flow (Heathwaite et al. 1996). Potassium leaching losses may significantly 
increase when K fertilizer is applied to drained soils because of preferential flow, as 
discussed previously. In these situations, a key aspect to reduce K losses is the time 
interval between K application and the rainfall event: the longer this interval, the 
lower the losses (Alfaro et al. 2004a). Splitting a large application into two or more 
smaller applications is recommended when the risk of loss is high. On organic soils, 
K should be applied close to the time of active uptake by crops to avoid leaching, 
since these soils do not bind K tightly, even though they have a high CEC. 

Fertilizer placement is also likely to be an effective way to reduce K loss, but 
almost no research has examined how various K placement methods affect it. Work 
on P has shown that subsurface banding of P fertilizers reduces runoff P losses 
compared to broadcast applications (Kimmel et al. 2001). The work cited earlier by 
Korucu (2018) showed that when K fertilizer was applied by surface broadcasting, a 
cover crop reduced K runoff losses. Sato et al. (2009), examining K placement in 
raised beds with seepage irrigation, suggested that evaluating K losses will require 
information about the height and seasonal dynamics of the water table. At the time of 
writing, it appears that no general guidance exists for placement strategies to 
minimize K losses. 


3.7 Conclusions 


Relative to other nutrients, K losses and transfers have not been well researched. 
Leaching has received the most attention, but erosion appears to be equally impor- 
tant in terms of the quantity of K lost. Dissolved K in runoff may contribute less to 
total loss than leaching and erosion. How much K is lost from open burning is still 
not well known. Potassium losses are associated particularly with losses of smaller 
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soil particulates, which in turn are associated with loss of clay minerals. Not only is 
this loss of fertility detrimental in the short term, but it also appears to lead to 
reductions in K-holding capacity in the long term. Improved K management strat- 
egies must go beyond considering only fertilizer source, rate, time, and placement 
and be developed to incorporate strategies to maintain soil cover so that nutrients can 
be recycled more effectively. Building better decision support tools that incorporate 
process models will better inform farmers and help them make decisions that achieve 
the desired outcomes of efficient K use, including minimal losses. 
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Chapter 4 A 
Rhizosphere Processes and Root Traits cim 
Determining the Acquisition of Soil 

Potassium 


Philippe Hinsinger, Michael J. Bell, John L. Kovar, and Philip J. White 


Abstract Plants acquire K* ions from the soil solution, and this small and dynamic 
pool needs to be quickly replenished via desorption of surface-adsorbed K from clay 
minerals and organic matter, by release of interlayer K from micaceous clay minerals 
and micas, or structural K from feldspars. Because of these chemical interactions 
with soil solid phases, solution K* concentration is kept low and its mobility is 
restricted. In response, plants have evolved efficient strategies of root foraging. Root 
traits related to root system architecture (root angle and branching), root length and 
growth, together with root hairs and mycorrhiza-related traits help to determine the 
capacity of plants to cope with the poor mobility of soil K. Rooting depth is also 
important, given the potentially significant contribution of subsoil K in many soils. 
Root-induced depletion of K* shifts the exchange equilibria, enhancing desorption 
of K, as well as the release of nonexchangeable, interlayer K from minerals in the 
rhizosphere. Both these pools can be bioavailable if plant roots can take up signif- 
icant amounts of K at low concentrations in the soil solution (in the micromolar 
range). In addition, roots can significantly acidify their environment or release large 
amounts of organic compounds (exudates). These two processes ultimately promote 
the dissolution of micas and feldspars in the rhizosphere, contributing to the mining 
strategy evolved by plants. There are thus several root or rhizosphere-related traits 
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(morphological, physiological, or biochemical) that determine the acquisition of K 
by crop species and genotypes. 


4.1 Soil Properties and Processes Determining 
the Acquisition of Potassium by Plants 


A number of soil characteristics determine K mobility, ' availability, and bioavail- 
ability to plants. These properties, together with the actual distribution of the various 
pools of K in the soil profile and horizons, ultimately determine the most desirable 
root and rhizosphere-related traits to search for in order to improve K acquisition 
efficiency in crops. 


4.1.1 Potassium Mobility: Mass Flow Versus Diffusion 
in the Rhizosphere 


Potassium is present in the soil solution as K* ions, which experience rather strong 
interactions (adsorption/desorption) with the many soil constituents contributing to 
cation exchange capacity, notably clay minerals and organic matter (Sparks and 
Huang 1985; Sparks 1987; Chap. 7). The consequences of such interactions are 
twofold. First, they buffer the concentration of K* in the soil solution to values that 
commonly range from one to several hundred micromoles per dm? (Asher and 
Ozanne 1967; Hinsinger 2006), i.e., concentrations that are significantly greater 
than those of phosphate, but less than those of nitrate. Second, they limit K mobility 
in the soil. Thus, compared with nitrate, K leaching occurs in significant amounts 
only in fertilized, light-textured soils. In addition, while mass flow can contribute 
significantly to the transport of nitrate toward the root surface as a consequence of 
transpiration-driven water uptake and corresponding solute movement, its contribu- 
tion to the supply of K* and phosphate ions is small (Barber 1995). Hence most K* is 
transported to the root surface by diffusion, as a consequence of the concentration 
gradients that develop in the rhizosphere (Tinker and Nye 2000; Jungk 2001, 2002). 
Barber (1995) estimated that diffusion contributed about 8096 of the K delivered to 
maize (Zea mays L.) roots in a Chalmers silt loam (Mollisol) soil (Table 4.1). 


' Mobility is used here to describe the ability of K* ions to move in soils, either vertically through 
leaching or laterally, through mass flow and diffusion (e.g., Hinsinger 2004). 
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Table 4.1 Estimated contributions of diffusion and mass flow to the acquisition of major nutrient 
ions in maize grown in field conditions in a Chalmers silt loam (Mollisol) soil and yielding 9500 kg 
grain ha’. (adapted from Barber 1995) 


Nutrient ion Diffusion Mass flow Acquisition 
kg ha! kg ha! kg ha! 

Potassium 156 35 195 

Phosphate 37 2 40 

Nitrate 38 150 190 


4.1.2 Potassium Availability and Bioavailability: 
Exchangeable Versus Nonexchangeable Pools 
in the Rhizosphere 


The availability of a nutrient is an intrinsic property of the soil that is usually 
assessed by chemical methods designed to extract the fraction of the nutrient that 
is likely to replenish the soil solution in response to depletion by nutrient uptake 
(Harmsen et al. 2005; Harmsen 2007). While it is usually expressed as a concentra- 
tion, the bioavailability is best defined as the actual flux of a nutrient into a living 
organism (Harmsen et al. 2005; Harmsen 2007), which means that it varies for a 
given soil, nutrient, and set of environmental conditions, as well as the organism of 
interest (e.g., the plant species or genotype). This is due to both differences in uptake 
capacities and abilities to alter the availability in the bio-influenced zone (Harmsen 
et al. 2005), which corresponds to the rhizosphere for plants (Hinsinger et al. 2011). 
For K, it was long assumed that the only bioavailable pools were K* ions in the soil 
solution and surface-adsorbed K, i.e., K* ions adsorbed onto negatively charged soil 
constituents (Sparks and Huang 1985; Sparks 1987), which are often assessed via an 
extraction with ammonium salts. These correspond to the so-called exchangeable K 
pool that represents typically about 1-2% of total soil K (Chap. 7). It has been well 
documented that plants can exploit this pool, which is therefore bioavailable. 

Most soil K is, however, nonexchangeable in the sense that it cannot be extracted 
by an ammonium salt. There are two main nonexchangeable pools, corresponding to 
either K* contained in the interlayers of micas, partially weathered micas and 
secondary layer silicates (Chap. 7, Fig. 7.1, pools 10 and 11) or in the structure of 
other K-bearing silicates (Chap. 7, Fig. 7.1, pool 12), feldspars being the most 
abundant ones (Sparks and Huang 1985; Sparks 1987; Chap. 7). These have been 
referred to as interlayer K and structural K, respectively, and were thought to be 
poorly or not bioavailable. However, there is growing evidence that the K in these 
pools is bioavailable to some plants, as further explained below (Hinsinger 2006, 
2013). 
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4.1.3 Soil Profile Distribution: Topsoil Versus Subsoil 
Potassium Availability and Bioavailability 


It is often observed that the topsoil is enriched in nutrients compared to the subsoil, 
or at least exhibits greater nutrient availability. This occurs in many natural ecosys- 
tems due to the role of vegetation in the rapid recycling of nutrients through uptake 
and litterfall as well as throughfall, the latter being especially important for 
K. Nutrients accumulate in the topsoil, and whenever uptake occurs at greater 
depth, from subsoil layers, this ultimately contributes to nutrient accumulation in 
the topsoil (Jobbagy and Jackson 2001). In agroecosystems, the topsoil can also be 
enriched by K fertilization (Obrycki et al. 2018), but there is also some evidence for 
significant uptake of K occurring from the subsoil with redistribution to the soil 
surface in residues (Barré et al. 2009). This overlooked component of the soil, 
namely the subsoil and the potential reservoir of bioavailable nutrients it can 
represent, has been reviewed by Kautz et al. (2013), who stressed the need to assess 
its contribution to plant nutrition further. Kuhlmann (1990) provided some quanti- 
tative assessment of the contribution of the subsoil to wheat (Triticum aestivum L.) K 
nutrition, which ranged from 7 to 70%, with an average of 34% in Luvisols of 
Northern Germany. The contribution may be less in deeply weathered soils such as 
Oxisols and Ultisols, which contain less exchangeable and nonexchangeable K 
stocks. However, for deep-rooted plants such as eucalypt (Eucalyptus grandis) in 
deep Oxisols in Brazil, it has been shown that significant root-soil interactions occur 
at considerable depths, affecting the fate of K to at least 4 m (Pradier et al. 2017). 
This reinforces the need to take subsoil K into consideration in future research and in 
K-fertilizer recommendations, as well as when designing more K-efficient ideotypes 
of crops in breeding programs (Thorup-Kristensen et al. 2020). 


4.2 Root Morphological Traits Determining the Acquisition 
of Potassium by Plants 


Because of the restricted mobility of various nutrient ions, including K*, ammonium, 
and phosphate in soils, plants have evolved a range of foraging strategies in order to 
increase the volume of their rhizosphere, i.e., the actual volume of soil from which 
they can acquire these poorly mobile nutrients (Hinsinger 2004; Lynch 2007; 
Hinsinger et al. 2011). 


4.2.1 Root System Architecture and Plasticity 


Plant species can differ considerably in root system architecture (RSA), with the 
tap-rooted systems and fibrous systems found in crops being good examples 
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(Kutschera et al. 2009). Tap-rooted systems usually enable plants to access deeper 
horizons, while colonizing the topsoil less densely than fibrous systems. Witter and 
Johansson (2001) compared forage species and estimated that the tap- and deep- 
rooted alfalfa (Medicago sativa L.) obtained about 67% of its K from the subsoil, 
while ryegrass (Lolium spp.), with its fibrous root system, obtained only 42% of its K 
from the subsoil under the same conditions. While the type of RSA (e.g. 
tap-rooted vs. fibrous) is genetically determined, it has been shown that there is 
considerable variation in RSA within a given species, which is a promising avenue 
for selecting more efficient crop genotypes of a broad range of species (Lynch 2007, 
2015; Hammond et al. 2009; White et al. 2013; Mi et al. 2016; Thomas et al. 2016; 
Jin et al. 2017). While most of the work done so far has focused on N or phosphorus 
(P), some of these results could be easily extended to K. The root angle and distance 
between lateral roots are traits that will largely determine inter-root competition and 
the overlapping of the rhizosphere of neighboring roots, which is of greater concern 
for mobile resources, such as water and nitrate, than for poorly mobile nutrients, 
such as K or P (Ge et al. 2000). 

Lynch and co-workers have shown in common bean (Phaseolus vulgaris L.) and 
maize that shallow-rooted genotypes may perform better than deep-rooted genotypes 
whenever there is a strong vertical gradient of fertility, with much greater nutrient 
availability in the topsoil than in the subsoil (Ge et al. 2000) and that past breeding 
schemes have resulted in selecting more shallow root systems in maize in the USA 
(York et al. 2015). Conversely, in soils exhibiting significant resources of K at depth, 
which is common in temperate conditions and even more so when accounting for 
nonexchangeable K pools, crop species that invest in deeper roots may derive more 
K from the subsoil, as shown by Kuhlmann (1990) in a loess soil in Germany 
(Fig. 4.1). The work of York et al. (2015) has also shown considerable plasticity of 
RSA traits, some of which vary substantially with sowing density, for instance. Such 
plasticity is an intrinsic property of root systems, which further complicates their 
study and phenotyping, but which plays a major role in the adaptive strategy of 
plants to acquire mineral nutrients. In contrast to nitrogen (N) and P, plants do not 
seem to respond to K-rich patches by enhanced root proliferation (Drew 1975; 
Hermans et al. 2006), which may restrict the options for effective fertilizer K 
placement, unless co-located with N or P. Nevertheless, we would argue that there 
is considerable progress to be expected from integrating RSA-related traits into 
breeding programs, and this is urgently needed to obtain genotypes that can better 
cope with spatially restricted availability of nutrients such as N, P, or K (Lynch 
2015; Thorup-Kristensen et al. 2020). 


4.2.2 Root Length and Growth 


For poorly mobile nutrients, it has long been known that root length or root surface 
area is among the most relevant traits determining their acquisition (Barber 1995). In 
their sensitivity analysis, Silberbush and Barber (1983) showed that the predicted K 
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Fig. 4.1 Relative contribution of the subsoil to K acquisition as a function of rooting depth of 
different crop species grown in field conditions in a loess-derived, deep soil (Cambisol) with topsoil 
containing 90 mg kg ! exchangeable K and subsoil containing 160 mg kg ! exchangeable 
K. Deep-rooted crops such as oil radish (Raphanus sativus L.) and spring wheat acquired more 
than 50% of their K from the subsoil. (adapted from Kuhlmann 1990) 


acquisition by soybean was increased more by an increase in root surface area than 
by the same relative increase in any other parameter in the classic Barber-Cushman 
model. More recently, Wissuwa (2003) predicted that a 2296 increase in the root 
surface area of rice (Oryza sativa L.) was enough to give a threefold increase in P 
acquisition under P-limiting conditions. Given that the mobility of K* is greater than 
that of phosphate in soils, it is likely that an even smaller change of root surface area 
would have a significant impact on K acquisition. In this respect, the modelling work 
by Pagés (2011), conducted with a more realistic distribution of roots based on RSA, 
rather than an evenly distributed root system as in the Barber-Cushman-derived 
models, revealed that greater root length was ecologically relevant for the acquisition 
of poorly mobile nutrients, such as P, but not for mobile ions, such as nitrate (due to 
large overlapping of nitrate depletion zones). The results for K* and ammonium ions 
were intermediate. 

Genotypes within a species can exhibit considerable variation in root length, as 
has been shown for potato (Wishart et al. 2013) and maize (Erel et al. 2017). While 
the relationship between crop performance (growth or yield) under nutrient-limiting 
conditions and root length was not consistently significant or positive, these studies 
suggest that the impact of root length variation is worthy of more detailed investi- 
gation. While root length was weakly correlated with K uptake in a range of lentil 
(Lens culinaris Medik) genotypes, Gahoonia et al. (2006) showed that root hair 
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length was an even more relevant root trait for poorly mobile nutrients such as K or 
P. As for RSA, root length and related traits such as specific root length or root 
surface area are not just genetically determined, but are also highly plastic, 
responding to many environmental factors and biological stimuli. Plant growth- 
promoting microorganisms are an example of the latter, with some of these directly 
altering root growth or proliferation (Vacheron et al. 2013). 


4.2.3 Root Hairs and Mycorrhizae 


It has been well documented for the least mobile nutrients, such as P, that morpho- 
logical or anatomical features other than RSA and root length-related traits can play a 
major role in extending the rhizosphere volume, and hence the actual amounts of 
nutrients acquired. These include root hairs that can extend up to several millimeters 
from the root surface (e.g., Gahoonia et al. 1997), and mycorrhizal hyphae which can 
access even greater volumes, extending up to several centimeters away from the root 
surface (e.g., Jakobsen et al. 1992; Thonar et al. 2011). Their direct implication for 
the acquisition of K* is less well documented than for P, but there are a number of 
reports on the potential role of root hairs and mycorrhiza-related traits for improving 
the foraging capacity of plants for soil K. In their modelling of K uptake, Samal et al. 
(2010) showed that, assuming root hair surface areas ranging from 0.38 to 
0.47 cm? cm ? root, root hairs contributed slightly less to K uptake than the roots 
alone (without their root hairs) in wheat and maize, but more than the roots alone in 
sugar beet (Beta vulgaris L.). The significant role of root hairs in K acquisition is also 
supported by the strong correlation between root hair length and K acquisition found 
among crop species in decreasing order of efficiency (Fig. 4.2): oilseed rape (Bras- 
sica napus oliefera L.), tomato (Solanum lycopersicum Mill.), ryegrass, maize, 
onion (Allium spp.) (Claassen and Jungk 1984; Jungk 2001) or rye (Secale cerale 
L.), ryegrass (Lolium perenne), oilseed rape, alfalfa, barley (Hordeum vulgare), pea 
(Pisum sativum L.), and red clover (Trifolium pretense L.) (Hggh-Jensen and 
Pedersen 2003). Hggh-Jensen and Pedersen (2003) also reported some plasticity 
for this trait, as root hairs exhibited greater length at lower K supply, suggesting that 
investment in the length of root hairs is an adaptive strategy for improving K 
acquisition. Mycorrhizal hyphae can access a much greater volume of soil than 
roots, and thereby increase the effective radius of the rhizosphere. While their 
quantitative impact on K acquisition has been studied much less than for P acqui- 
sition, the K uptake transport systems involved in the mycorrhizal symbiosis are now 
well documented (Garcia and Zimmermann 2014). Additional research is needed on 
the functional side of this symbiosis before identifying relevant traits worthy of 
being pursued for improving K acquisition efficiency. 


106 P. Hinsinger et al. 


Fig. 4.2 Relationship 0.6 
between K acquisition 

(K uptake rate) and the 

volume of the root hair 05 
cylinder in a range of crops. 
(adapted from Claassen and 
Jungk 1984) 


rape @ 
tomato @ 


0.4 


0.3 
@ ryegrass 


0.2 


K uptake rate (pmol cmr s^!) 


@ maize 
0.1 


0.0 
0 15 20 30 40 50 60 70 


Root hair volume (mm? cm’) 


4.3 Root Physiological Traits Determining the Acquisition 
of Potassium by Plants 


As potassium is present only as K* ions in soils, which interact strongly with 
negatively charged soil constituents or are part of the crystal structures of silicate 
minerals, K acquisition by plants is dependent on the mobilization of K from these 
sources. Depletion of K* in the rhizosphere soil solution and the excretion of protons 
and other K-mobilizing exudates (a so-called “mining” strategy) can increase the 
availability of poorly available forms of soil K in the vicinity of roots and contribute 
to improved plant nutrition (Hinsinger et al. 2011). 


4.3.1  Traits Related to Potassium Uptake and Depletion 
in the Rhizosphere 


For poorly mobile nutrients such as P or K, the uptake capacity of root cells, 
determined by the rate of transport of ions across the plasma membrane, is not the 
limiting step for their acquisition. This contrasts markedly with the situation for more 
mobile nutrients, such as nitrate, as confirmed by sensitivity analysis of Barber- 
Cushman and other plant nutrition models (Rengel 1993). Nevertheless, in the case 
of K, the uptake of K* is a driving process for accessing both the exchangeable pool 
and even a significant part of the nonexchangeable pool (Hinsinger 2006; Hinsinger 
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Fig. 4.3 Depletion of 6Rb 
in the rhizosphere of 
13-day-old maize roots, as 
revealed by 
autoradiography, using 
radioactive Rb as a proxy for 
K. The white areas around 
roots correspond to 
depletion zones, while the 
black areas correspond to 
zones of ®°Rb accumulation 
inside the roots, especially 
the root apices, where the 
uptake presumably occurs at 
a higher flux. (adapted from 
Walker and Barber 1962) 


et al. 2011; White et al. 2013), namely interlayer K from micas and micaceous clay 
minerals (Chap. 7, Fig. 7.1, pools 10 and 11). When roots take up K* from the soil 
solution, a rapid depletion of K* occurs in the rhizosphere. This was first observed in 
the early 1960s using autoradiography of a radioactive analogue of K, Rb, which 
demonstrated the occurrence of a depletion zone extending a few millimeters from 
the surface of maize roots (Fig. 4.3) (Walker and Barber 1962), and was later 
confirmed by a range of approaches, based on direct measurements or modelling 
(e.g., Kuchenbuch and Jungk 1982; Claassen et al. 1986). The latter studies also 
demonstrated that K* uptake by roots can deplete the exchangeable pool of K by 
causing a shift in the cation exchange equilibria toward enhanced desorption of K* 
ions from the surface-adsorbed K pool (Chap. 7, Fig. 7.1, pool 9). 

As plant roots are capable of decreasing the concentration of K* from several 
hundreds of micromoles per dm~* in the bulk soil down to concentrations in the 
micromolar range at the root surface (Fig. 4.4), they can even shift the equilibria 
determining the release of interlayer K in micaceous phyllosilicate minerals (e.g., 
micas, illite, illite interstratified with smectite and vermiculite, i.e., pools 10 and 
11 in Fig. 7.1, Chap. 7), ultimately depleting the large pool of nonexchangeable K 
contained in soils (Kuchenbuch and Jungk 1982; Niebes et al. 1993; Moritsuka et al. 
2004) and altering soil mineralogy (Kodama et al. 1994; Barré et al. 2007, 2008). 
This mechanism has been demonstrated to occur in the rhizosphere of ryegrass, 
using a phlogopite mica as the sole source of (almost exclusively interlayer) K, 
which released significant amounts of interlayer K and was transformed into a 
vermiculite clay mineral within only a few days of growth (Hinsinger et al. 1992; 
Hinsinger and Jaillard 1993). Barré et al. (2007) further confirmed this alteration of 
soil mineralogy for illitic clay minerals in the rhizosphere of ryegrass in a pot 
experiment, and it was also shown in a field experiment with maize (Adamo et al. 
2016). 
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Fig. 4.4 Depletion of soil 800 
solution K in the 
rhizosphere of maize grown 
in two different soils 
exhibiting different K 
availabilities. (adapted from 
Claassen and Jungk 1982) 
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Springob and Richter (1998) have shown that the rate of release of 
nonexchangeable K in soils can be considerably enhanced below a threshold con- 
centration of about 2-3 micromoles K dm ^, which approximates the K concentra- 
tion occurring close to the root surface as a consequence of K* uptake and 
subsequent depletion of K in the rhizosphere (Claassen and Jungk 1982; Hinsinger 
2006). This steep decrease of K* concentration in the soil solution in the vicinity of 
roots thus drives the substantial and rapid depletion of exchangeable K, but also the 
release of K from the nonexchangeable, interlayer pool (Fig. 4.5). The substantial 
release that can contribute from 20 up to 80 or 9096 of the actual amount of K 
acquired by plants over rather short periods (a few days) shows that, in the peculiar 
conditions of the rhizosphere, and especially its low solution K* concentration 
(Fig. 4.6), the rates of this normally slow process can be much faster than expected 
(Claassen and Jungk 1982; Kuchenbuch and Jungk 1982; Hinsinger 2006; Niebes 
et al. 1993; Samal et al. 2010). 

In this respect, the three important uptake characteristics that need to be consid- 
ered are the Cmin value (minimal solution K concentration below which plants 
cannot take up K) and the capacity to achieve a large K uptake rate at low K* ion 
concentrations, which depends on the Km and Vmax parameters of the Michaelis— 
Menten equation. A low Cmin value is achieved by coupling the proton gradient 
generated by a plasma membrane H*-ATPase to K* influx to root cells via a H*/K* 
coupled symporter (White and Karley 2010; White 2013). This transporter has a low 
Km for K*, and the required rate of K* influx is achieved by regulating its abundance 
and activity in response to plant K status (White and Karley 2010; White 2013). 
Plant species or genotypes showing very low Cmin values (Asher and Ozanne 1967), 
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and high affinity (low Km) and capacity (Vmax) of their K transporters, would be 
better equipped for depleting K* ions to concentrations low enough to induce a 
significant release of interlayer K and thus access the large pool of nonexchangeable 
K that would be otherwise unavailable. Such K uptake traits differ among and within 
plant species, thus explaining differences in K bioavailability in a given soil, and 
might be worth considering for screening K-efficient crop genotypes (White 2013; 
White et al. 2016). 


4.3.2 Traits Related to pH Modification in the Rhizosphere 


It should be noted that a number of field experiments have reported an increase of 
some K pools in the rhizosphere, notably the exchangeable K pool, instead of 
depletion. This has been shown mostly in perennial tree species, e.g., by Courchesne 
and Gobran (1997) in a Norway spruce (Picea abies (L.) H. Karst.) forest, Bourbia 
et al. (2013) in an olive (Olea europaea L.) grove and Pradier et al. (2017) in a 
eucalypt (Eucalyptus grandis) plantation. These observations strongly suggest the 
occurrence of root-induced weathering processes, resulting in an increase of 
exchangeable K at the expense of the nonexchangeable K pool through processes 
other than those mentioned above. For instance, Pradier et al. (2017) showed that 
root-induced acidification of the rhizosphere of eucalypt trees may have partly 
contributed to the increase of exchangeable K that was observed in the rhizosphere 
throughout the soil profile to a depth of 4 m. Plant roots can modify rhizosphere pH 
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Fig. 4.6 Simulated depletion of K in the rhizosphere as a function of time for different crops. 
(adapted from Samal et al. 2010) 
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considerably and root-mediated acidification of up to 2-3 pH units has been 
observed repeatedly (e.g., Rómheld 1986; Hinsinger et al. 2003; Blossfeld et al. 
2013). Such a decrease in pH can have a dramatic effect on the weathering rate of 
minerals such as K-bearing silicates, through proton-promoted dissolution (Berner 
et al. 2003; Taylor et al. 2009; Hinsinger 2013). 

The ability to modify rhizosphere pH varies among plant species. For instance, 
faba bean (Vicia faba L.) reduced rhizosphere pH more effectively than maize (Liu 
et al. 2016) and oilseed rape induced a dissolution of the phlogopite mica as a 
consequence of rhizosphere acidification, while ryegrass did not (Hinsinger et al. 
1993). Such root-induced dissolution of K-bearing minerals has not been widely 
studied in crops to our knowledge, but a number of studies have been conducted in 
the context of forest trees. For example, Arocena et al. (1999) showed that the 
acidification occurring around ectomycorrhizas could be involved in the dissolution 
of micas and feldspars. The capacity of roots to change the rhizosphere pH is not a 
simple trait to target, however, as root-mediated pH changes are essentially the 
consequence of an imbalanced uptake of major cations and anions (Hinsinger 
et al. 2003). Rhizosphere acidification occurs when a net surplus of major cations 
(K* being often predominant in the cation budget of plants) are taken up relative to 
the sum of major anions. Thus, there are many ways to increase rhizosphere 
acidification, and it is not expected to be related to a single trait, as the underlying 
mechanisms are largely determined by the environmental context. Nevertheless, 
plant species or genotypes could be screened quite easily for their capacity to acidify 
their rhizosphere in a given context (Gahoonia et al. 2006). This has been shown in 
common bean by Yan et al. (2004), who found significant heritability of a measured 
trait called total acid exudation, which was also able to account for a significant part 
of genotypic variation in P uptake. 


4.3.3 Traits Related to Exudates in the Rhizosphere 


Besides protons, roots can release large quantities of diverse exudates, including 
some that can also promote the dissolution of K-bearing silicates and thus the release 
of nonexchangeable K, i.e., interlayer or structural K (pools 10-11 or 12, Fig. 7.1, 
Chap. 7). Examples of these include carboxylates, such as citrate, oxalate, and 
malate, which are able to complex cations when they are released from the crystal 
structure of K-bearing minerals (Jones 1998). Such exudates can thus be involved in 
the dissolution of feldspars and micas (Razzaghe and Robert 1979; Robert and 
Berthelin 1986; Song and Huang 1988; Barman et al. 1992; Lawrence et al. 2014), 
and enhance the release of nonexchangeable K, i.e., structural or interlayer K, 
together with the other metal cations contained in these silicates. Screening wheat, 
maize, and sorghum (Sorghum bicolor (L.) Moench) genotypes for their release of 
malate and citrate to detoxify Al has been successful, which shows that such a trait 
can vary substantially within some plant species (e.g., Ryan et al. 2011). However, 
variation is certainly greater between species, with some crops such as white lupin 
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(Lupinus albus L.) or chickpea (Cicer arietinum L.) being well known for their large 
carboxylate exudation capacity (Jones 1998). Even minute amounts of malate or 
citrate exuded at the root tip may provide sufficient protection against Al toxicity 
(Ryan et al. 2011), but much greater concentrations would be needed to induce 
significant release of K through such ligand-promoted dissolution of K-bearing 
silicates. There is no direct evidence to our knowledge that such exudation traits 
are worth pursuing for improving K acquisition efficiency in crops. 

In addition to the exudation of such ligands, a considerable range and amount of 
other C-compounds can be released by roots (Jones 1998; Jones et al. 2009). 
Exudation is thus an important but complex process occurring in the rhizosphere, 
which stimulates the microbial communities and has potential implications for the 
dissolution of nutrient-bearing minerals (e.g., Philippot et al. 2013), as reviewed for 
fungi by Hoffland et al. (2004). 


4.4 Summary and Conclusions 


A number of root or rhizosphere-related traits determine the K acquisition efficiency 
of crops, influencing both their foraging and mining strategies. To deal with the 
restricted mobility of K* ions in soils, the foraging strategy of plants is based on a 
number of root traits, including densely branched root system architectures with 
substantial portions exploring the topsoil and the subsoil, with a large root surface 
area or length. In addition, roots can expand the volume of exploited soil and 
K-depletion zones considerably by developing long root hairs or supporting strong 
mycorrhizal symbioses and extensive hyphal networks. 

In addition to this foraging strategy, which enlarges the volume of the rhizo- 
sphere, plants have also evolved various mining strategies to increase the bioavail- 
ability of all the K pools in the rhizosphere. The corresponding traits are related first 
to the ability of roots to sustain high fluxes of K at very low concentrations in the soil 
solution. This induces a shift in the exchange equilibria and an enhanced desorption 
of exchangeable K (surface-adsorbed K from clay minerals and organic matter), as 
well as an enhanced release of nonexchangeable, interlayer K contained in mica- 
ceous minerals. Second, roots can promote the dissolution of K-bearing silicates 
such as micas and feldspars through rhizosphere acidification and/or exudation of 
complexing ligands, such as some carboxylates. How to make better use of these 
traits in the context of a sustainable intensification of agroecosystems is not obvious 
though, and breeders have not yet fully integrated belowground traits in their 
breeding schemes. To do so may introduce additional challenges, such as potential 
trade-offs with those traits required for the acquisition of other belowground 
resources (e.g., water, N, P, and micronutrients). 
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Chapter 5 A) 
Potassium Use Efficiency of Plants PES 


Philip J. White, Michael J. Bell, Ivica Djalovic, Philippe Hinsinger, and 
Zed Rengel 


Abstract There are many terms used to define aspects of potassium (K) use effi- 
ciency of plants. The terms used most frequently in an agricultural context are 
(1) agronomic K use efficiency (KUE), which is defined as yield per unit K available 
to a crop and is numerically equal to the product of (2) the K uptake efficiency 
(KUpE) of the crop, which is defined as crop K content per unit K available and 
(3) its K utilization efficiency (KUtE), which is defined as yield per unit crop K 
content. There is considerable genetic variation between and within plant species in 
KUE, KUpE, and KUtE. Root systems of genotypes with greatest KUpE often have 
an ability (1) to exploit the soil volume effectively, (2) to manipulate the rhizosphere 
to release nonexchangeable K from soil, and (3) to take up K at low rhizosphere K 
concentrations. Genotypes with greatest KUtE have the ability (1) to redistribute K 
from older to younger tissues to maintain growth and photosynthesis and (2) to 
reduce vacuolar K concentration, while maintaining an appropriate K concentration 
in metabolically active subcellular compartments, either by anatomical adaptation or 
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by greater substitution of K with other solutes in the vacuole. Genetic variation in 
traits related to KUpE and KUtE might be exploited in breeding crop genotypes that 
require less K fertilizer. This could reduce fertilizer costs, protect the environment, 
and slow the exhaustion of nonrenewable resources. 


5.1 Metrics of Potassium Use Efficiency and Their 
Relationships 


There are many terms defining aspects of the potassium (K) use efficiency of plants 
(Table 5.1; White 2013). The terms used most frequently in an agricultural context 
are (1) agronomic K use efficiency (KUE), which is defined as crop yield (Y) per unit 
K available (Ka) from the soil plus fertilizer (g Y g_' Ka) and is numerically equal to 
the product of (2) the K uptake efficiency (KUpE) of a crop, which is defined as crop 
K content (Kerop) per unit K available in the soil plus fertilizer (g Kerop g! Ka) and 
(3) its K utilization efficiency (KUtE), which is defined as yield per unit crop K 
content (g Y gt Kerop). These are often complemented by measurements of (4) the 


Table 5.1 Mathematical definitions of aspects of potassium (K) use efficiency in crops 


Name Abbreviation | Calculation Units 
1 | Agronomic K use KUE Y/Ka gDMg'K 
efficiency 
2 |K uptake efficiency KUpE Kao/Ka gKg'K 
3 |K utilization efficiency KUtE Y/Kaop gDMg'K 
4 | Yield response to K Y = Ymax X (Ka/(Kmx, + Ka)) 
supply 
5 | Response of plant K con- Derived from Eqs. (4) and (6) 
tent to K supply 
6 | Yield response to plant K Y = Ymax X (Kerop/ 
content (Kmkcrop + Kerop)) 
7 | Apparent fertilizer recov- | ARE ((Keropckt) — Keropcks))/ % 
ery efficiency Kf) x 100 
8 | Agronomic efficiency of | AE (Yee — Yxs)/Kf g DM g! K 
K fertilizer 
9 | Root uptake capacity Kerop/R gKg DM 
10 | Apparent remobilization AKR ((Küssueto) — Küssueq)Y Küssue % 
efficiency (0) x 100 


Abbreviations: DM = dry matter, Ka = K available from both soil and fertilizer, Keo, = crop K 
content, Kor = crop K content when fertilizer is applied, Kerops) = crop K content without 
fertilizer, Kerop¢maxy) = maximum crop K content, Kiissue(oy) = original tissue K content, Kiissue 
œ = tissue K content after remobilization, Kmg, = Ka at which Y equals Ymax/2, KMKerop = Kerop 
at which Y equals Yinax/2, Kf = K supplied as fertilizer, Ks = available K in soil with no fertilizer 
applied, R = root DM, Y = yield, Yx¢ = yield with fertilizer applied, Yx, = yield without fertilizer 
applied, Ymax = maximum yield 

For further information see Fageria (2009), White (2013), Maillard et al. (2015) and White et al. 
(2016) 
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Fig. 5.1 Relationships 
between (a) shoot dry 
biomass and the K 
concentration in the nutrient 
solution, (b) shoot dry 
biomass and plant K 
content, and (c) plant K 
content and the K 
concentration in the nutrient 
solution for seedlings of 
spring barley "Prisma" 
grown hydroponically for : : i i 
21 days in complete nutrient 4 6 8 10 
solutions containing 10 uM, Solution K concentration (mM) 
0.75 mM, or 10 mM KŻ. 

Lines show regressions to 

the data assuming 1.84 b 
Michaelis-Menten 
relationships with (a) 

Kmx, = 0.032 mM and 
Ymax = 1.53 g DM, (b) 
Kmkerop = 13.9 mg K and 
Ymax = 1.66 g DM, and (c) 
the relationship between 
shoot K content and the K 
concentration in the nutrient 
solution predicted using 
these regressions. (data from : 
White et al. 2016) 0 50 100 150 
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response of crop yield to K availability, (5) the response of crop K content, or tissue 
K concentration, to K availability, and (6) the relationship between crop yield and 
crop K content or tissue K concentration (Figs. 5.1 and 5.2). In practice, these 
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Fig. 5.2 Relationships 
between (a) agronomic K 
use efficiency (KUE) and 
the K concentration in the 
nutrient solution, (b) K 
uptake efficiency (KUpE) 
and the K concentration in 
the nutrient solution, and (c) 
K utilization efficiency 
(KUtE) and the K 
concentration in the nutrient 
solution for seedlings of 
spring barley “Prisma” 
grown hydroponically for 
21 days in complete nutrient 
solutions containing various 
K concentrations. Lines 
were calculated from the 
data shown in Fig. 5.1. 
(White et al. 2016) 
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relationships are difficult to determine accurately even when data are obtained at 
many K availabilities and depend upon many environmental factors. 

Other frequent assessments include (7) the apparent recovery (acquisition) of 
applied K fertilizer, which is numerically equal to KUpE when there is no available 
K in the unfertilized soil but is proportionally decreased as the available K in the 
unfertilized soil increases, and (8) the increased crop yield resulting from the 
application of K fertilizers relative to the amount of K fertilizer applied (Fageria 
2009). The latter is often referred to as K fertilizer use efficiency or agronomic 
efficiency (AE). It can be determined relatively simply in field experiments, but the 
values obtained depend upon a variety of environmental factors, including the K 
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availability in the unfertilized soil and factors affecting K acquisition, plant growth 
rates, and harvest index. The ability of a plant to tolerate low K availability can be 
expressed as the proportion of yield potential that it achieves without the application 
of K fertilizer (Rengel and Damon 2008). There are differences in all these aspects of 
K use efficiency both between and within plant species. This chapter describes plant 
traits affecting these characteristics and highlights those that commonly account for 
differences in KUE, KUpE, and KUtE between and within plant species. 


5.2 Differences in Potassium Uptake and Utilization 
Between Plant Species 


Plant species differ in their growth response to K supply either because of differ- 
ences in their ability to acquire K from the soil (KUpE) or their ability to utilize K 
physiologically (KUtE) for vegetative and reproductive growth (Fageria 2009; 
Rómheld and Kirkby 2010; White 2013; White and Bell 2017). Plant roots can 
acquire sufficient K for maximal growth from solutions containing micromolar K 
concentrations, provided the K supply to the roots matches the minimal K demand of 
the plant and the concentration of ammonium, which competes with K* for transport 
and inhibits the expression of genes encoding the dominant high-affinity H*-coupled 
K* transporter in roots (e.g., AtHAK5 in arabidopsis, Arabidopsis thaliana (L.) 
Heynh.; Qi et al. 2008), in the rhizosphere is small (Asher and Ozanne 1967; Wild 
et al. 1974; Spear et al. 1978a; Siddiqi and Glass 1983a; White 1993). The minimum 
tissue K concentration that can be tolerated without impacting plant growth and 
development must be sufficient to maintain about 100 mM K* in metabolically 
active compartments including the cytosol, mitochondria, and plastids (White and 
Karley 2010). This requires a minimal vacuolar K* concentration in living cells of 
10-20 mM, which corresponds to a tissue K concentration of 5-40 mg g ! dry 
weight (White and Karley 2010; White 2013). 

Species from the Poales and Brassicales generally achieve their growth potential 
at a lower K supply than many other angiosperms and compete best in K-limited 
environments (Asher and Ozanne 1967; Hoveland et al. 1976; Grant et al. 2007; 
Hafsi et al. 2011; White et al. 2012). Species from these orders are, therefore, 
considered to be tolerant to K deficiency (i.e., K-efficient; Rengel and Damon 
2008). Similarly, cereal and brassica crops generally require less K fertilizer than 
most vegetable, solanaceous, or beet (Beta vulgaris L.) crops to achieve maximum 
yields (Greenwood et al. 1980; Pretty and Stangel 1985; Steingrobe and Claassen 
2000; Brennan and Bolland 2004; Trehan 2005; Fageria 2009; Kuchenbuch and 
Buczko 2011; Brennan and Bell 2013; Trehan and Singh 2013; White 2013; 
Schilling et al. 2016). Other crops that have a large demand for K fertilizer include 
oil palm (Elaeis guineensis Jacq.) and banana (Musa acuminata Colla/Musa 
balbisiana Colla) grown in plantations (Mengel et al. 2001; White 2020). 
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Fig. 5.3 Relative accumulation of dry matter and potassium (K) in wheat, maize, and sorghum 
grown to maturity in an Oxisol soil under controlled conditions in the glasshouse (Bell et al. 
unpublished). Maize shows the classic K accumulation curve that is well in advance of biomass in 
relative terms, with >80% of total K uptake occurring in the first third of the growing season (when 
relative biomass accumulation is only ~30%). Wheat shows a similar tendency, although relative K 
accumulation occurs less rapidly than in maize, while grain sorghum shows accumulation that more 
closely reflects the pattern of dry matter accumulation 


Crops also differ in their temporal demand for K, which is related to their 
individual phenology, and K supply must be synchronized with their K demand to 
achieve maximal yields (White 2013). For example, both maize (Zea mays L.) and 
wheat (Triticum aestivum L.) accumulate K during early growth, while grain sor- 
ghum (Sorghum bicolor [L.] Moench) accumulates K roughly in proportion to its 
biomass accumulation (Fig. 5.3). One explanation for the temporal difference in K 
accumulation between these species might be tillering: The main stems of wheat and 
sorghum show an almost identical pattern of relative accumulation of K and DM as 
the uniculm maize, but the subsequent production of tillers requires continued K 
accumulation in new vegetative structures. While tillering in wheat occurs at a 
similar time to the development of the main stem, tillering in sorghum continues 
until much later in crop development. 


5.2.1 Differences in KUpE Between Plant Species 


Differences between plant species in their ability to acquire K from the soil has been 
attributed to differences in (1) the capacity of their root cells to take up K* at low 
rhizosphere K* concentrations, (2) the ability of their root systems to proliferate and 
exploit the soil volume effectively, and (3) their ability to acquire nonexchangeable 
K from the soil (Greenwood et al. 1980; Steingrobe and Claassen 2000; Wang et al. 
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2000, 2011; Jungk 2001; Rengel and Damon 2008; El Dessougi et al. 2010; 
Rómheld and Kirkby 2010; Samal et al. 2010; White 2013; White et al. 2017). 


5.2.1.1 Kinetics of Potassium Uptake 


The uptake of K and its movement within plants are dynamic processes involving 
many transport proteins in many cellular membranes (White and Karley 2010; White 
and Bell 2017). These transporters are regulated precisely to ensure K homeostasis in 
metabolic compartments (White and Karley 2010; Véry et al. 2014; Nieves- 
Cordones et al. 2016). Thus, the relationship between K uptake by plant roots and 
the K concentration in the rhizosphere solution can vary markedly, both spatially and 
temporally, as the plant matches K supply and K demand through its K transport 
systems. When plants lack sufficient K, either because of low substrate K supply or 
high plant K demand for growth, there is an induction of genes encoding high- 
affinity K* transporters (Hermans et al. 2006; White and Karley 2010; Véry et al. 
2014; Nieves-Cordones et al. 2016; White and Bell 2017), which not only increases 
cellular capacity for K uptake, but also increases the affinity for K in the rhizosphere 
solution. This reduces the K* concentration in the rhizosphere solution at K flux 
equilibrium. Indeed, the K* concentration at the root surface can decline to 
«2-3 uM, which not only accelerates K* diffusion to the root surface but also 
promotes the release of nonexchangeable K from soil minerals (Hinsinger 1998, 
2013; Chap. 4). 

When assayed under the same conditions, there are large differences between 
plant species in the maximal rate of K uptake, the solution K concentration at which 
K uptake is half maximal, and the minimal K concentration in the rhizosphere 
solution when there is K flux equilibrium. Plant species differ in both (1) the 
relationship between K uptake and the K concentration in the rhizosphere solution 
(e.g., Asher and Ozanne 1967; Wild et al. 1974; Spear et al. 1978a; Steingrobe and 
Claassen 2000; El Dessougi et al. 2002, 2010; Brennan and Bolland 2004; Wang 
et al. 2011; White 2013) and (2) the selectivity of monovalent cation accumulation 
(Broadley et al. 2004; Watanabe et al. 2007; White et al. 2012, 2017). This has been 
attributed to differences in both the capacity and complement of transport proteins 
catalyzing K* influx to root cells of different plant species (White 2013; Nieves- 
Cordones et al. 2016), although the molecular mechanisms, and evolutionary pro- 
cesses, underlying these differences are largely unknown. Roots of rapidly growing 
plant species with large shoot/root biomass quotients and a great K demand often 
have greater K uptake capacities than those of other plant species, and the roots of 
cereals and grasses generally have large K uptake capacities (Pettersson and Jensén 
1983; Jungk and Claassen 1997; Steingrobe and Claassen 2000; Végh et al. 2008; 
Samal et al. 2010; Wang et al. 2011; Coskun et al. 2013). The ability of perennial 
ryegrass (Lolium perenne L.) to accumulate more K than grain amaranth 
(Amaranthus sp.) when, for example, phlogopite (1.6-fold difference) or vermiculite 
(12.8-fold difference) was the growth substrate was attributed to a greater K uptake 


126 P. J. White et al. 


capacity and a lower K concentration at which there was net K uptake in perennial 
ryegrass than in grain amaranth (Wang et al. 2011). 


5.2.1.2 Root System Investment and Architecture 


A larger root system generally allows greater access to soil K and increasing the 
density of roots in soil can help reduce the K concentration in the rhizosphere 
solution, which accelerates K diffusion to the root and promotes the release of 
nonexchangeable K (Zórb et al. 2014). In general, grasses and cereals invest more 
in root biomass than other plants, which often results in rapid and effective exploi- 
tation of the soil volume, greater root density throughout the soil volume, and 
potentially deeper rooting (Steingrobe and Claassen 2000; Hggh-Jensen and Peder- 
sen 2003; Végh et al. 2008; Samal et al. 2010; White 2013; Thorup-Kristensen et al. 
2020). This effect is enhanced by increasing the specific surface area (m? g ! DM) of 
roots, for example by producing a finer, more densely branched root system, which 
increases the contact between roots and soil for a given biomass investment (White 
et al. 2013). Thus, it has been hypothesized that plants with greater KUpE might 
have a relatively larger proportion of thin roots in their root system than those with 
lower KUpE (Rengel and Marschner 2005; Végh et al. 2008). In addition to 
differences in the absolute biomass investment in the root system, the placement 
of roots in the soil profile also differs between plant species (Gregory 2006; 
Hinsinger 2013; Thorup-Kristensen et al. 2020). Kuhlmann (1990) showed that 
plant species with deeper roots were more reliant on K located in the subsoil than 
those with shallower roots, which could sometimes make a major contribution to K 
uptake. When growing on sandy soils that are susceptible to K leaching, it can 
benefit plants to have deeper root systems to acquire K at depth (Ehdaie et al. 2010; 
Maeght et al. 2013). 

An abundance of long root hairs also facilitates K uptake by roots. It increases 
both the volume of soil that is explored and the surface area of the root in contact 
with the soil. This enhances K depletion in the rhizosphere solution and creates a 
steeper K* diffusion gradient within the bulk soil solution (Rengel and Marschner 
2005). This trait also differs between plant species (White 2013). Jungk (2001) 
reported a linear relationship between the specific rate of K uptake (mg K cm '! root) 
and the length of root hairs among onion (Allium cepa L.), maize, perennial ryegrass, 
tomato (Solanum lycopersicum L.), and canola (oilseed rape; Brassica napus L.). 
Hggh-Jensen and Pedersen (2003) reported a linear relationship between K accu- 
mulation and root hair length among red clover (Trifolium pratense L.), pea (Pisum 
sativum L.), barley (Hordeum vulgare L.), alfalfa (Medicago sativa L.), canola, 
perennial ryegrass, and rye (Secale cereale L.), illustrating the importance of this 
trait for K uptake. 
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5.2.1.5 Rhizosphere Acidification and Root Exudates 


Root-induced acidification of the rhizosphere can lead to a significant release of 
exchangeable K in soils (Hinsinger 2013; Hinsinger et al. 2017). Plant species differ 
in their ability to acidify the rhizosphere and access nonexchangeable K in the soil. 
For example, legumes reduce rhizosphere pH more effectively than cereals (Liu et al. 
2016; Giles et al. 2017) and oilseed rape can induce the dissolution of phlogopite 
mica, and the subsequent release of interlayer K, by rhizosphere acidification more 
effectively than Italian ryegrass (Lolium multiflorum Lam.; Hinsinger 2013). 

Root exudates can also have a profound effect on the dissolution of feldspars and 
micas and, therefore, on the availability of nonexchangeable (structural and 
interlayer, respectively) soil K to plants. The composition of root exudates differs 
between plant species, which affects their ability to acquire nonexchangeable K 
(Hinsinger 2013; Giles et al. 2017; Hinsinger et al. 2017). Root exudates can also 
change during plant development and in response to environmental factors (Neu- 
mann and Rómheld 2012; Kuijken et al. 2015; Giles et al. 2017). The exudation of 
carboxylates, such as citrate, malate, and oxalate, promotes the dissolution of 
feldspars and micas by complexing cations contained in their crystal lattice (Marchi 
et al. 2012; Chap. 4). Plant species vary greatly in the amounts and diversity of 
carboxylates their roots release into the rhizosphere (Hinsinger 2013; Zórb et al. 
2014; Bell et al. 2017; Rengel and Djalovic 2017). Roots of Caryophyllales, 
including grain amaranths and beets, can access nonexchangeable K by exuding 
copious amounts of carboxylates (Wang et al. 2011). Roots of white lupin (Lupinus 
albus L.), and other species forming cluster roots, exude considerable quantities of 
both citrate and malate, as do many brassica crops (White et al. 2005; Hinsinger 
2013). Greater acquisition of nonexchangeable K by Cucurbita pepo subsp. pepo 
than C. pepo subsp. ovifera was attributed to the greater citrate content in root 
exudates of subsp. pepo (Gent et al. 2005), while the dominant carboxylate in root 
exudates of K-deficient crested wheatgrass (Agropyron cristatum [L.] Gaertn.) 
appears to be malate (Henry et al. 2007). By contrast, solanaceous crops generally 
release carboxylates such as succinate, rather than citrate, into the rhizosphere and 
are relatively ineffective in acquiring nonexchangeable K from the soil (Steingrobe 
and Claassen 2000; White et al. 2005; White 2013). Legumes, such as alfalfa and 
pea, are also relatively ineffective in acquiring nonexchangeable K from the soil 
(Hggh-Jensen and Pedersen 2003). In addition to carboxylates, roots of different 
species exude a variety of amino acids and phytosiderophores, proteins, including 
enzymes, sugars, and polysaccharides (mucilage), flavonoids, and phenolic com- 
pounds (e.g., ferulic acid, p-coumaric acid, and cinnamic acid) into the rhizosphere 
(Neumann and Rómheld 2012), although it is not yet known whether these com- 
pounds facilitate the acquisition of K by plants. 
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5.2.2. Differences in KUtE Between Plant Species 


Plant species also differ in their ability to utilize the K they have acquired for growth 
and yield formation (White 2013). Most crops have a high K demand, which is 
ultimately set by their growth rate and, most often, by the nitrogen supply that 
generally determines their growth rate (Fageria 2009, 2015a; White and Greenwood 
2013). The physiological K requirement of a plant is determined by its critical tissue 
K concentration, defined as the concentration at which the plant achieves 90% of its 
maximum growth, and its growth rate (White 2013). The tissue K concentration at 
which K deficiency symptoms appear in leaves is generally lower in cereals and 
grasses than in legumes and other eudicots, which reflects their lower physiological 
K requirements (Johnson 1973; Greenwood et al. 1980; Brennan and Bolland 2004, 
2007; Rómheld 2012; White 2013). Similarly, seed K concentrations are generally 
lower in cereals (3-5 g K kg”! grain) than in oilseeds (5-10 g K kg ! grain) and 
legumes (10-20 g K kg”! grain; Fig. 5.4). Since crops generally have large harvest 
indices, achieving appropriate K concentrations in seed has significant implications 
for the agronomic use of K fertilizers in crop production. 

In general, physiological K utilization efficiency can be improved by (1) reducing 
vacuolar K concentration while maintaining an appropriate cytoplasmic K concen- 
tration, either by anatomical adaptations or by greater substitution of K with other 
solutes in the vacuole, and (2) redistributing K from older to younger tissues to 
maintain growth and photosynthesis (Rengel and Damon 2008; Wakeel et al. 2011; 
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Fig. 5.4 Relationships between crop yield (as determined by variation in soil K status) and the K 
concentration in grains harvested from soybean, peanut, wheat, sorghum, and cotton crops grown 
on an Oxisol soil at Kingaroy, SE Queensland, Australia (Bell et al. unpublished). Data for each 
species were obtained over 2-3 growing seasons. The data illustrate the consistency of grain K 
concentration within each plant species irrespective of either yield or leaf K concentration (not 
shown) 
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White 2013; Maillard et al. 2015). The ability to substitute K with sodium (Na) in the 
vacuole is important for efficient K utilization in many, but not all, plant species and 
is particularly evident in species adapted to soils with low K availability and in 
natrophilic species, such as sugar beet (Wakeel et al. 2011; Gattward et al. 2012; 
Battie-Laclau et al. 2014; Erel et al. 2014; Zórb et al. 2014; White et al. 2017). About 
60% of the K in cells of sugar beet can be replaced by Na, whereas less than 15% of 
the K in cells of wheat can be replaced (Zórb et al. 2014). The ability to retranslocate 
K from senescing tissues also differs between plant species (Hocking and Pate 1977; 
Milla et al. 2005; Maillard et al. 2015). In general, plant species with greater KUtE 
can maintain their water relations, photosynthetic activity, and harvest index when 
grown in environments with a low K supply (Rengel and Damon 2008; White 2013). 


5.3 Differences in Potassium Uptake and Utilization Within 
Crop Species 


Differences in growth and yield responses to K supply, KUE, KUpE, and KUtE have 
been reported among genotypes of many crop species (Baligar et al. 2001; Rengel 
and Damon 2008; Fageria 2009, 2015a; Rómheld and Kirkby 2010; White 2013; 
Zorb et al. 2014; White and Bell 2017). Although variation in KUE has been 
correlated with variation in both KUpE and KUtE, depending upon plant species 
and growth conditions, it is most often correlated with KUpE in crop species (Rengel 
and Damon 2008; Fageria 2009; White 2013). 


5.3.1 Differences in KUpE Within Plant Species 


Variation in KUpE has been observed among genotypes of barley (Pettersson and 
Jensén 1983; Siddiqi and Glass 1983a; Wu et al. 2011; Kuzmanova et al. 2014; 
White et al. 2016), wheat (Zhang et al. 1999; Damon and Rengel 2007; Damon et al. 
2011), wild oats (Avena fatua L.; Siddiqi et al. 1987), rice (Oryza sativa L.; Yang 
et al. 2004; Fageria 2009, 2015b; Liu et al. 2009; Fageria et al. 2010, 2013; Sanes 
et al. 2013; Fageria and dos Santos 2015), maize (Feil et al. 1992; Allan et al. 1998; 
Nawaz et al. 2006; Ning et al. 2013), common bean (Phaseolus vulgaris L.; Fageria 
et al. 2001, 2015; Fageria and Melo 2014), faba bean (Vicia faba L.; Stelling et al. 
1996), soybean (Glycine max (L.) Merr.; Moreira et al. 2015), lupin (Lupinus 
angustifolius L.; Brennan and Bolland 2004), canola (Damon et al. 2007; Lu et al. 
2016), Brassica oleracea L. (White et al. 2010), Indian mustard (Brassica juncea 
(L.) Czern.; Shi et al. 2004), cassava (Manihot esculenta Crantz; Spear et al. 1978b), 
sweet potato (Ipomoea batatas L., George et al. 2002; Wang et al. 20152), tomato 
(Chen and Gabelman 1995, 2000; Sánchez-Rodríguez et al. 2010), potato (Solanum 
tuberosum L.; Trehan 2005), cotton (Gossypium hirsutum L.; Ali et al. 2006; Zhang 
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et al. 2007; Yang et al. 2011; Chen et al. 2014; Zia-ul-hassan et al. 2014; Rochester 
and Constable 2015) and watermelon (Citrullus lanatus (Thunb.) Matsum. and 
Nakai; Fan et al. 2013). The same traits that contribute to differences in KUpE 
between plant species also contribute to differences in KUpE among genotypes 
within plant species. These include differences in (1) the capacity of their root cells 
to take up K* at low rhizosphere K* concentrations, (2) the ability of their root 
systems to proliferate and exploit the soil volume effectively, and (3) the ability of 
their roots to induce the release of nonexchangeable K from the soil, depending upon 
the crop species and the environment in which they are grown. 


5.3.1.4 Kinetics of Potassium Uptake 


The rate of K uptake by roots is determined by both the cellular capacity for K 
uptake, the affinity for K in the rhizosphere solution, and the K concentration in the 
rhizosphere solution at K flux equilibrium (White 2013; Hinsinger et al. 2017). 
Differences in the capacity for K uptake of roots have been observed among 
genotypes of many crops (White 2013; Rengel and Djalovic 2017) and, when 
assayed at low K* concentrations in the rhizosphere solution, genotypes of, for 
example, barley (Siddiqi and Glass 1983b), Chinese cabbage (Brassica rapa L.; Li 
et al. 2015), tomato (Chen and Gabelman 1995, 2000) and potato (Trehan 2005) with 
greatest root K uptake capacities often having the greatest KUpE. 


5.3.1.2 Root System Investment and Architecture 


In general, the ability of a root system to forage the soil is related to its length and its 
direct interaction with the rhizosphere, which is conferred by its surface area (White 
2013). There is considerable variation among genotypes of crop species in the length 
and architecture of their root system, the distribution of roots in the soil, the length/ 
biomass quotients of root types, and the abundance, length, and longevity of root 
hairs (e.g., White et al. 2005; Gahoonia et al. 2006, 2007; Hammond et al. 2009; 
Wishart et al. 2013; Adu et al. 2014; Atkinson et al. 2015; Lynch 2015; Yu et al. 
2015; Thomas et al. 2016; Chen et al. 2017; Erel et al. 2017). 

Chromosomal loci (QTL) affecting these traits in seedlings have been identified 
(Lynch 2007; White et al. 2013; Atkinson et al. 2015; Kuijken et al. 2015). When 
compared at low K supply, maize (Minjian et al. 2007), rice (Jia et al. 2008; Sanes 
et al. 2013), wheat (Ehdaie et al. 2010), potato (Trehan 2005), tomato (Chen and 
Gabelman 1995, 2000), Chinese cabbage (Li et al. 2015), and cotton (Yang et al. 
2011; Zia-ul-hassan and Arshad 2011) genotypes with larger roots have greater 
KUpE, and often faster growth and greater yields, than other genotypes. Similarly, 
enlarging the root system of rice by overexpressing the WUSCHEL-related homeo- 
box gene WOX11 increased both K uptake and grain yield when K availability was 
low (Chen et al. 2015). Although there was a weak correlation between KUpE and 
root length among different genotypes of lentil (Lens culinaris Medikus), there was a 
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stronger correlation between KUpE and the length of root hairs (Gahoonia et al. 
2006). A strong correlation between KUpE and the abundance and length of root 
hairs was also observed among genotypes of chickpea (Cicer arietinum L.; 
Gahoonia et al. 2007) and cotton (Tao et al. 2012). Other aspects of root architecture 
can also contribute to differences in KUpE among genotypes of a particular species. 
For example, genotypes of ramie (Boehmeria nivea (L.) Gaudich.) whose root 
systems comprise a large proportion of thin roots often have greater KUpE than 
other genotypes (Cui and Li 2000), although this phenomenon was not observed in 
Chinese cabbage (Li et al. 2015). 


5.3.1.3. Root Exudates 


When the K uptake capacity of root cells exceeds the rate at which K is supplied to 
the root, K uptake is determined by the rate at which K can be replenished at the root 
surface. This is determined both by the movement of solution to the root surface, 
which is often governed by transpiration, and by the ability of the plant to mobilize 
nonexchangeable K from the soil, which is influenced by root exudates (White 
2013). 

There is considerable variation between genotypes within plant species in both 
the composition and quantity of root exudates that can induce the release of 
nonexchangeable K from the soil. For example, genotypes of barley, wheat, 
maize, and sorghum vary greatly in their exudation of malate and citrate into the 
rhizosphere (e.g., Ryan et al. 2011; Giles et al. 2017), root exudates of Cucurbita 
pepo subsp. pepo contain more citrate than those of Cucurbita pepo subsp. ovifera 
(Gent et al. 2005), canola genotypes differ in the quantity and diversity of carbox- 
ylates they release into the rhizosphere (Akhtar et al. 2006, 2008) and in their ability 
to acquire nonexchangeable K (Shi et al. 2004), and genotypes of potato with greater 
KUpE mobilize more nonexchangeable K than other genotypes (Trehan 2005). 


5.3.2 Differences in KUtE Within Crop Species 


Variation in KUtE has been observed among genotypes of barley (Pettersson and 
Jensén 1983; Wu et al. 2011; Kuzmanova et al. 2014; White et al. 2016), wheat 
(Woodend and Glass 1993; Zhang et al. 1999; Baligar et al. 2001; Damon and 
Rengel 2007; Damon et al. 2011; Moriconi et al. 2012), wild oats (Siddiqi et al. 
1987), rice (Yang et al. 2003, 2004; Fageria 2009, 2015b; Liu et al. 2009; Fageria 
et al. 2010, 2013; Zhang et al. 2013; Fageria and dos Santos 2015), maize (Feil et al. 
1992; Baligar et al. 2001; Nawaz et al. 2006), sorghum (Baligar et al. 2001), 
common bean (Fageria et al. 2001, 2015; Fageria and Melo 2014), faba bean 
(Stelling et al. 1996), soybean (Moreira et al. 2015), alfalfa (Baligar et al. 2001), 
lupin (Brennan and Bolland 2004), canola (Damon et al. 2007; Lu et al. 2016), 
Brassica oleracea (White et al. 2010), Chinese cabbage (Wu et al. 2008), Indian 
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mustard (Shi et al. 2004), spinach (Spinacia oleracea L.; Grusak and Cakmak 2005), 
cassava (Spear et al. 1978a, b), sweet potato (George et al. 2002; Wang et al. 2015a), 
tomato (Chen and Gabelman 1995), potato (Trehan 2005), cotton (Ali et al. 2006; 
Zhang et al. 2007; Yang et al. 2011; Chen et al. 2014; Zia-ul-hassan et al. 2014; 
Rochester and Constable 2015) and watermelon (Fan et al. 2013). However, it is 
noteworthy that KUtE for vegetative growth does not always correlate with KUtE 
for crop yield. The same traits that contribute to differences in KUtE between plant 
species also contribute to differences in KUtE among genotypes of a particular 
species. 


5.3.2.1 Partitioning of Potassium Within the Cell and Its Substitution 
with Other Ions 


In metabolically active compartments, such as the cytosol, mitochondria, and plas- 
tids, K* concentrations must be maintained at about 100 mM to ensure protein 
function and provide charge balance (White and Karley 2010). When K is in limited 
supply, these compartments take precedence and cellular K can be reduced by 
substituting vacuolar K with other elements. Thus, it has been observed that geno- 
types of barley that are less susceptible to K deficiency symptoms partition K more 
effectively from the vacuole to the cytoplasm of root cells at low K supply (Memon 
et al. 1985), and the ability of tomato (Figdore et al. 1989) and maize (Moriconi et al. 
2012) genotypes to grow in Na-rich, K-limiting conditions correlates with their 
ability to substitute Na for K as a vacuolar osmoticum. 


5.3.2.2 Partitioning and Redistribution of Potassium Within the Plant 


Potassium is required for stomatal opening, photosynthetic performance, and the 
movement of photosynthates to developing tissues (White and Karley 2010). The 
ability to maintain gas exchange, photosynthesis, and phloem translocation to 
developing tissues under conditions of restricted K supply requires effective redis- 
tribution of K from older to younger tissues. Thus, the redistribution of K within the 
plant can contribute significantly to KUtE. For example, the ability to redistribute K 
from older to younger leaves has been found to correlate with greater KUtE among 
genotypes of cassava (Spear et al. 1978b) and rice (Yang et al. 2004) and the ability 
to maintain photosynthesis at a low K supply correlates with better growth among 
soybean genotypes (Wang et al. 2015b). Differences in harvest index (the ability to 
translocate carbon into the harvested tissue), which is a component trait of KUtE, 
contribute to variation in yield among rice (Yang et al. 2003, 2004; Fageria et al. 
2010; Zhang et al. 2013), wheat (Woodend and Glass 1993; Zhang et al. 1999; 
Damon and Rengel 2007), common bean (Fageria et al. 2001), faba bean (Stelling 
et al. 1996), canola (Rose et al. 2007), sweet potato (George et al. 2002) and cotton 
(Rochester and Constable 2015) genotypes, especially when grown with a low K 
supply. 
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5.3.2.3 Partitioning of Resources into the Economic Product 


Potassium is required for electroneutrality in both the loading of sucrose and the 
transport of anions in the phloem (White and Karley 2010). Although there are 
considerable differences among genotypes of a crop species, the seed K concentra- 
tion of a particular genotype is often relatively insensitive to plant K nutrition 
(Fig. 5.4). However, tuber K concentration does vary with plant K nutrition 
(White et al. 2009). The relationships between KUE, KUtE, and K partitioning to 
edible portions are currently unknown. However, given that K is essential for animal 
nutrition and there is substantial interest in the links between plant and human 
nutrition (White 2016), these relationships should be investigated. 


5.4 Breeding Crops for Greater Agronomic Potassium Use 
Efficiency 


Breeding for greater KUE relies upon (1) useful variation in component traits within 
germplasm resources, (2) the ability to identify beneficial traits in large germplasm 
collections, either through phenotypic or genetic analyses, and (3) the ability to 
incorporate beneficial traits into commercial varieties or locally adapted germplasm 
(Rengel and Damon 2008; White 2013; White and Bell 2017). 

There appears to be sufficient, heritable genetic variation within crop species to 
breed for genotypes with greater KUE, KUpE, and KUtE (White 2013). However, 
these traits are controlled by multiple chromosomal loci (QTL) and strong interac- 
tions between genotype and environment can occur (e.g., White et al. 2010; Guo 
et al. 2012; Genc et al. 2013; Gong et al. 2015). This implies that breeding programs 
should incorporate beneficial alleles of several genes to improve KUE and consider 
carefully the conditions under which genotypes are screened and cultivated. Breed- 
ing programs have generally focused on increasing yield under current management 
practices, which, although resulting in greater KUE under current management 
practices, does not address the needs of reduced-input agriculture. This omission 
must be redressed in the future. 

To breed for greater KUE, breeding programs must be able to screen many 
genotypes for variation in KUE, KUpE, or KUtE or to identify genetic variation 
linked to these traits (Rengel and Damon 2008; White and Bell 2017). A successful 
breeding program also requires the ability to characterize the relationships between 
K supply, plant K content, and yield formation in a variety of environments to reveal 
interactions between genotype, management, and environmental conditions. In 
principle, the required data can be obtained from simple measurements of the 
response of yield and K content to varying K fertilizer application at several well- 
chosen sites across several years (White and Bell 2017). This effort can be facilitated 
by reducing the number of treatments required to estimate the responses of KUE, 
KUpE, and KUtE to management and fertilizer practices using crop modelling 
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approaches or theoretical considerations (Moriconi and Santa-Maria 2013; Santa- 
Maria et al. 2015; White et al. 2016) and developing techniques to estimate crop 
biomass and K content that are less costly and labor intensive than conventional 
mineral analyses (White and Bell 2017). An alternative approach is to screen for 
morphological, physiological, or biochemical traits associated with greater KUpE 
and KUtE using high-throughput laboratory or glasshouse systems (Downie et al. 
2015; Kuijken et al. 2015). 

Chromosomal loci influencing KUpE, KUtE, shoot K concentration, or biomass 
production at low K supply have been identified in a few model species, such as 
arabidopsis (e.g., Harada and Leigh 2006; Ghandilyan et al. 2009; Kanter et al. 2010; 
Prinzenberg et al. 2010), and in several crops, including rice (Wu et al. 1998; 
Koyama et al. 2001; Lin et al. 2004; Cheng et al. 2012; Wang et al. 2012; Miyamoto 
et al. 2012; Fang et al. 2015; Khan et al. 2015), wheat (Genc et al. 2010, 2013; Guo 
et al. 2012; Kong et al. 2013; Zhao et al. 2014; Gong et al. 2015), barley (Nguyen 
et al. 2013a, b), maize (Zdunié et al. 2014), miscanthus (Miscanthus sinensis 
Andersson; Atienza et al. 2003), tomato (Villalta et al. 2008; Asins et al. 2013), 
barrel medic (Medicago truncatula Gaertn., Arraouadi et al. 2012), Brassica 
oleracea (White et al. 2010), apple (Malus pumila Miller; Fazio et al. 2013), and 
cotton (Liu et al. 2015). However, few genes underpinning these QTL have been 
identified. Nevertheless, it has been reported that genes encoding K* transporters, 
such as AtAKT1, AtHAK5, AtKUP9, AtTPK1, AtCNGCI, and AtSKOR, are 
located within QTL affecting shoot K concentration in arabidopsis (Harada and 
Leigh 2006; Kanter et al. 2010) and genes encoding homologs of the arabidopsis K* 
transporters ARKKUP9, AtAKT2, AtKAT2, and AtTPK3 occur within a QTL affect- 
ing shoot K concentration in Brassica oleracea (White et al. 2010). Similarly, genes 
affecting shoot K concentration located within a QTL on chromosome 14 of cotton 
include numerous cation transporters, such as AKT2/3 and a Na*/H*-antiporter (Liu 
et al. 2015). In rice, the gene OSHKT1;5 (OsHKTS8), which encodes a Na* transporter 
expressed predominantly in the parenchyma cells surrounding the xylem, underpins 
the locus SKC1 that affects shoot K concentration under saline conditions (Ren et al. 
2005). Similarly, HVHKT1;5, TmHKT1;5-A, and TaHKT1:5-D have been impli- 
cated in the control of shoot Na and K concentrations in barley and wheat (Munns 
et al. 2012; Nguyen et al. 2013a) and SIHKT1;1 and SIHKT1;2 have been implicated 
in the control of shoot Na and K concentrations in tomato (Asins et al. 2013). 


5.5 Conclusions 


Many terms have been used to define aspects of K use efficiency in plants 
(Table 5.1). Agronomic K use efficiency (KUE) is defined based on crop yield and 
is equal to the product of K uptake efficiency (KUpE) and K utilization efficiency 
(KUtE). Differences in KUE between plant species, and between genotypes within a 
species, reflect differences in their KUpE and KUtE. In crop species, KUE is most 
often correlated with KUpE. 
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Differences in KUpE have been attributed to differences in (1) the capacity of root 
cells to take up K* at low rhizosphere K* concentrations, (2) the ability of root 
systems to exploit the soil volume effectively, and (3) the release of exudates into the 
rhizosphere that promote the release of nonexchangeable K from the soil. Differ- 
ences in KUtE have been attributed to differences in (1) the ability to reduce cellular 
K concentration while maintaining appropriate K concentrations in metabolically 
active compartments, either by anatomical adaptations or by greater substitution of K 
with other solutes in the vacuole, and (2) the ability to redistribute K from older to 
younger tissues and, thereby, maintain growth and photosynthetic capacity. There is 
sufficient heritable variation in both KUpE and KUtE to develop crops with 
greater KUE. 

Given that KUpE and KUtE are polygenic and there are strong interactions 
between genotype and environment, breeding programs should include beneficial 
alleles of several genes and consider carefully the conditions under which genotypes 
are developed and deployed. It is likely that the full economic benefit of genotypes 
with greater KUE will require complementary agricultural management practices. 
Combining genetic and agronomic strategies to make better use of K fertilizers in 
agriculture would reduce fertilizer costs, protect the environment, and slow the 
exhaustion of nonrenewable resources. 
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Chapter 6 A) 
Considerations for Unharvested Plant iin 
Potassium 


Ciro A. Rosolem, Antonio P. Mallarino, and Thiago A. R. Nogueira 


Abstract Potassium (K) is found in plants as a free ion or in weak complexes. It is 
easily released from living or decomposing tissues, and it should be considered in 
fertilization programs. Several factors affect K cycling in agroecosystems, including 
soil and fertilizer K contributions, plant K content and exports, mineralization rates 
from residues, soil chemical reactions, rainfall, and time. Soil K* ions can be 
leached, remain as exchangeable K, or migrate to non-exchangeable forms. Crop 
rotations that include vigorous, deep-rooted cover crops capable of exploring 
non-exchangeable K in soil are an effective strategy for recycling K and can prevent 
leaching below the rooting zone in light-textured soils. The amount of K released by 
cover crops depends on biomass production. Potassium recycled with non-harvested 
components of crops also varies greatly. Research with maize, soybean, and wheat 
has shown that 50-60% of K accumulated in vegetative tissues is released within 
40—45 days. A better understanding of K cycling would greatly improve the efficacy 
of K management for crop production. When studying K cycling in agricultural 
systems, it is important to consider: (1) K addition from fertilizers and organic 
amendments; (2) K left in residues; (3) K partitioning differences among species; 
(4) soil texture; (5) soil pools that act as temporary sources or sinks for K. In this 
chapter, the role of cash and cover crops and organic residues on K cycling are 
explored to better understand how these factors could be integrated into making K 
fertilizer recommendations. 
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6.1 The Crop Canopy as a Source of Potassium 


After nitrogen (N), K is the nutrient required in largest amounts by plants. Its 
concentration in plants has been reported to range from 4 to 43 g K kg. ! (Askegaard 
et al. 2004), and it is affected mainly by plant species, site, year, tissue age, and 
fertilizer input. Most K uptake in annual species is observed as the shoot undergoes 
rapid growth (Gregory et al. 1979). For cereals, more than 7096 of K remains in the 
straw after grain harvest, and the concentration is increased by fertilization; there- 
fore, this is an important source of K for the next crop and should be considered and 
integrated in fertilizer recommendations. 

Mobility of K in plants is high at all levels—within individual cells, tissues, and 
in long-distance transport via xylem and phloem. It is the most abundant cation in the 
cytoplasm, and except for cytosol and the vacuole, its subcellular distribution is 
largely uncharacterized. The concentration of K in the cytoplasm is kept relatively 
constant from 50 to 150 mM, while the concentration in the vacuole varies 
depending on supply status (Zórb et al. 2014). Potassium mineral salts are highly 
soluble, and K is not metabolized, forming weak complexes with organic molecules 
from which it is readily exchangeable (Marschner 1995). Therefore, K is prone to be 
easily leached from living or dead plant tissues irrespective of plant residue decom- 
position or mineralization. 

Leached K is the quantity of K removed from plants by the action of aqueous 
solutions, such as rain, dew, mist, and fog (adapted from Tukey 1970). Potassium 
can be lost from living tissues by guttation at leaf margins and tips, or leached from 
damaged or old plant parts, such as senescent leaves or from intact plant tissues. 
Leaching is thought to be a passive process, but the driving forces and mechanisms 
of nutrient leaching from live tissues are unclear. The K leaching rate from living 
tissues is increased with leaf age, intensity, and duration of rainfall. This happens 
because the accumulation of substances in the apoplast of mature leaves may result 
in a steeper concentration gradient favoring leaching (Eichert and Fernández 2012). 
Furthermore, as annual plants complete their life cycle after flowering, the older 
tissues start to senesce and slowly cell membranes are disrupted favoring K leaching. 

After harvest, or when cover crops are terminated, K leaches from the dead 
tissues. It has been shown that K leaching from dead tissues is proportional to the 
K concentration in the tissue, time after termination and rainfall (Grimes and 
Hanway 1967a; Schomberg and Steiner 1999; Rosolem et al. 2005). 


6.2 Potential of Potassium Cycling by Crops 
and Cover Crops 


The potential of plants for cycling K in cropping systems is defined by the capacity 
to access various soil K pools. This capacity depends on the quantity of K the plant 
accumulates, the size and depth of the root system, and the effectiveness of 
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mechanisms the plants use to access K in both exchangeable and non-exchangeable 
pools. Potassium accumulated in plant tissues that are not harvested from the field 
will be later returned by leaching from plant residues. Therefore, in K-limited areas, 
species or varieties efficient in utilizing non-exchangeable forms of soil K have a 
great potential to increase K cycling and K use efficiency in the system (Zórb et al. 
2014). 

A variable amount of the K taken up by crops harvested for grain, grazed 
pastures, and cover crops will be recycled to the soil as an ion, highly soluble 
mineral forms, or weakly complexed in organic compounds. The cycled K will 
enrich the soil solution, be available to the next crop, lost with runoff or leached 
through the soil profile, or be transformed into less readily plant-available pools in 
the soil. While adequate K uptake is important in supplying K to plants, uptake of K 
beyond plant needs will compromise sustainability (Rosolem and Steiner 2017). 
Grimes and Hanway (19672) and Oltmans and Mallarino (2015) showed that the soil 
K increase after harvesting maize in the fall to the following spring was directly 
related to the amount of K in the residue. 

Cash grain crops play an important role in K cycling in agricultural cropping 
systems. At maturity, approximately 25-45% of the total aboveground plant K is 
found in the maize grain but more than 50% is in soybean (Glycine max (L.) Merr) 
grain; furthermore, there is a large variation across growing conditions, species, and 
cultivars (Bender et al. 2013; Ciampitti et al. 2013; Oltmans and Mallarino 2015). In 
soybean, K fertilization results in very little additional K accumulation in grain but 
markedly increases K accumulation in the mature stems, pods, leaves, and petioles 
(Hanway and Weber 1971; Rosolem and Nakagawa 1985; Farmaha et al. 2012). In 
Iowa, average K accumulation in soybean grain or residue at harvest was 68 and 
34 kg ha! in a 14 site-year experiment. Maize averaged, in a 33 site-year experi- 
ment, 29 and 52 kg ha ' in grains and residue, respectively (Oltmans and Mallarino 
2015). In maize, 50% of the K accumulated in vegetative tissue at physiological 
maturity remained in the straw after 2 months, then decreased to 31% after 6 months. 
In soybean, 19% of accumulated K remained 2 months after physiological maturity, 
then decreased to 12% in 6 months (Fig. 6.1). The amount of K remaining in the crop 
residue decreased as precipitation increased, and soil test K increased from fall to 
spring. Despite a greater amount of K remaining in plant tissues with K fertilization, 
the decrease over time was similar. The greatest K leaching was observed between 
physiological maturity and grain harvest. Due to different plant structures of maize 
and soybean, mainly the maize stalks containing most of the K, much more rain was 
necessary to leach out a similar amount of K from maize than from soybean 
(Oltmans and Mallarino 2015). 

Crop and cover crop residues may have a high amount of K potentially available 
for the next crop and may be able to supply K for the new crop early growth, 
depending on the release synchrony. The quantity of K released depends on the 
species or even the cultivar, as shown in Table 6.1. For example, forages of the genus 
Brachiaria, one of the main grasses used as a cover crop in Brazil, can accumulate 
over 400 kg K ha. Panicum species accumulate up to 800 kg K ha’! in an entire 
cycle. Cover crops such as brachiaria increase exchangeable K in the topsoil layers 
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Fig. 6.1 Potassium accumulation in (a) soybean and (b) maize vegetative tissue or residue over 
time for two K treatments. Coefficients of determination (R°) for all regression models are signif- 
icant (**) at P < 0.01. Vertical lines indicate confidence intervals (P = 0.10). (adapted from 
Oltmans and Mallarino 2015) 


by bringing it up from deeper soil layers (Eckert 1991; Garcia et al. 2008)—a process 
defined as nutrient uplift by Jobbágy and Jackson (2004). 

When these species or others are used as cover crops in crop—livestock integrated 
systems or when the growing season between two main crops is short, K accumu- 
lation is not so high, as shown in research with cover crops in the northern areas of 
the Corn Belt of the United States, where a maize-soybean rotation system pre- 
dominates. Cover crops reduce soil and nutrient loss, but because of a long period 
with very cold or frozen soils in some regions, cover crops have little effective time 
to grow and take up nutrients between two cash crops. Unpublished research with 
cereal rye (Secale cereale L.) across 12 site-years (A. P. Mallarino, Iowa State 
University personal communication), which is the most widely used cover crop in 
these conditions and is commonly terminated when it is 20—30 cm tall, shows that 
the aboveground K recycled at the spring termination time ranged from 7 to 
84 kg K ha™', being greatly affected by soil test K concentration, the active growth 
period, and dry matter production. 


6.3 Synchrony of Potassium Availability in Cropping 
Systems 


Losses of K from plant residues are affected by several factors such as the species, 
rainfall (Fig. 6.2), and time after desiccation. Potassium is found in plants as a free 
cation or in weak complexes. It is easily leached from dead plant tissues independent 
of plant residue mineralization or decomposition. 

Initial K loss ranges from 4.4 to to 29.3 g K kg! day! depending on the species 
and precipitation. Across crops, a 150-mm rainfall removed 500 g K kg™' from plant 
residues (Schomberg and Steiner 1999). The maximum rate of K released from 
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Table 6.1 Amount of residue and average K accumulated and non-harvested in some crops and 


cover crops 


Non- 
Crop/cover Amount of  |harvested 
crop Scientific name residue? K^ References 
Mg ha^! kgt! 
Black Stizolobium aterrimum 1-9 17 Borkert et al. (2003) 
mucuna Piper & Tracy 
Black oat Avena strigosa Schreb. 2-12 30 Crusciol et al. (2008) 
Calopo Calopogonium 4-6 15 Teodoro et al. (2011) 
mucunoides Desv. 
Crambe Crambe abyssinica 1-3 32 Heinz et al. (2011) 
Hochst. 
Common Vicia sativa L. 2-6 23 Borkert et al. (2003), 
vetch Rossato (2004) 
Congo Urochloa ruziziensis 2-15 28 Pereira et al. (2016) 
grass 
Dwarf Stizolobium 2-4 10 Caceres and Alcarde 
mucuna Deeringianum Bort (1995) 
Finger Eleusine coracana 3-12 22 Francisco et al. (2007) 
millet L. Gaertn 
Forage Sorghum bicolor 5-16 16 Oliveira et al. (2002) 
sorghum L. Moench 
Forage Raphanus sativus L. 2-6 30 Crusciol et al. (2005) 
turnip 
Guinea Panicum maximum 2-18 33 Pereira et al. (2016) 
grass cv. Tanzania 
Guinea Panicum maximum 2-20 42 Pereira et al. (2016) 
grass cv. Aries 
Jack bean Canavalia ensiformis L. | 3-10 14 Caceres and Alcarde 
(1995) 
Lablab Dolichos lablab L. 3-8 14 Caceres and Alcarde 
(1995) 
Lupin Lupinus albus L. 3-8 19 Borkert et al. (2003) 
Maize Zea mays L. 6-12 18 Oliveira et al. (2002) 
Oilseed Raphanus sativus L. 2-9 42 Heinz et al. (2011) 
radish 
Palisade Urochloa brizantha 3-23 27 Pereira et al. (2016) 
grass cv. Marandu 
Pearl millet | Pennisetum glaucum 2-12 25 Braz et al. (2004) 
(L.) R.Br. 
Peanut Arachis hypogaea L. 1-4 20 Teodoro et al. (2011), 
Crusciol (2016) 
Perennial Glycine wightii L. 4-6 18 Teodoro et al. (2011) 
soybean 
Pigeon pea | Cajanus cajan L. 2-12 14 Borkert et al. (2003) 
Soybean Glycine max (L.) Merr 3-4 19 Kurihara et al. (2013) 


(continued) 


152 C. A. Rosolem et al. 


Table 6.1 (continued) 


Non- 
Crop/cover Amount of  |harvested 
crop Scientific name residue? K^ References 
Mg ha ! kgt! 
Showy Crotalaria spectabilis 3-8 22 Caceres and Alcarde 
rattlebox Roth (1995) 
Sunflower | Helianthus annuus L. 7-10 15 Ambrosano et al. (2013) 
Sunn hemp | Crotalaria juncea L. 5-14 14 Caceres and Alcarde 
(1995) 

Sugarcane | Saccharum officinarum | 5-13 15 Oliveira et al. (1999) 

L. 
Tropical Pueraria phaseoloides 4-7 16 Teodoro et al. (2011) 
kudzu L. 
Triticale X Triticosecale Wittm 1-5 48 Rosolem et al. (2003) 
Wheat Triticum aestivum L. 1-5 18 Rossato (2004) 
Upland rice | Oryza sativa L. 6-9 24 Crusciol (2016) 


"These values (in dry weight) were reported in the literature and can vary with plant age, soil type, 
fertility, climate, season, and sowing density 
PK non-harvested (dry matter) = K accumulated x average amount of residue 


Fig. 6.2 Accumulated K 25 o 
leaching as affected by € Brachiaria 
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several plant species by rain soon after desiccation ranges from 200 to 650 g Kha ! 
per mm of rain and is strongly correlated with the amount of nutrient accumulated in 
the crop residues (Rosolem et al. 2003), probably because a large proportion of this 
nutrient is present in the vacuole and not bound to organic compounds (Marschner 
1995). Rosolem et al. (2005) found that K fertilization increased both K accumula- 
tion in pearl millet straw and K leached from the residue under simulated rainfall, 
and it was estimated that residue leaching could provide 24-64 kg K ha ' to the next 
crop. Oltmans and Mallarino (2015) also reported that K fertilization increased the 
amount of K leached by natural rainfall from maize and soybean residues compared 
with non-fertilized treatments with or without grain yield response. 
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Fig. 6.3 Rate of K leaching as affected by plant species and rainfall, 5 days after cutting (adapted 
from Rosolem et al. 2003); species were brachiaria, pearl millet, sorghum, sunn hemp, triticale, and 
black oat 
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Fig. 6.4 Accumulated K leaching (a) and K leaching rate (b) from pearl millet residues as affected 
by simulated rainfall and tissue K contents. (from Rosolem et al. 2005) 


After cover crop desiccation, some K is remobilized to roots as tissues die. Then, 
rainfall is the main driver of K release from plant residues. Potassium leaching rates, 
or the amount of K washed from plant residues per mm rain, is highly variable 
among species and is very low with rains up to 5 mm (Fig. 6.3) because this is barely 
enough to wet plant residues. Then, there is a steep increase with rains up to 20 mm, 
then decreasing exponentially, tending to a constant with rains >75-80 mm 
(Rosolem et al. 2003, 2005). The K concentration in the plant tissue also plays an 
important role not only in the amount of K released from plant residues, but also on 
the rate of K leaching (Fig. 6.4), as shown by Rosolem et al. (2005). 
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This occurs because, at first, all K in plant residues is potentially available to be 
leached, and the first rain will saturate the residues. From this point, additional rain 
can only wash out the K present at the superficial layers of the residue, with little 
leaching from deeper layers. As a result, to be leached, K has to diffuse to the straw 
surface. Therefore, heavier rains would have little effect on the process, and a greater 
nutrient release will be observed with successive drying—wetting cycles, which 
occurs in many agricultural areas. 

Up to 50-60% of the K accumulated in the straw is washed within 40-45 days 
from plant desiccation in several species under field conditions (Giacomini et al. 
2003; Calonego et al. 2012; Oltmans and Mallarino 2015), and within 130-140 days 
over 7096 of the nutrient will return to the soil (Spain and Salinas 1985; Calonego 
et al. 2012). For grasses such as palisade grass (Urochloa brizantha cv. Marandu), 
pearl millet (Pennisetum glaucum L.), and Guinea grass (Panicum maximum L.), 
most of the K in the straw is washed back to the soil in less than 50 days. The K 
release from straw left on the soil surface is not related to straw mineralization rate, 
since K loss is faster than dry matter loss (Rosolem et al. 2003; Calonego et al. 
2012). However, leaching is increased as the plant residues age, probably as a result 
of cellular disruption (Calonego et al. 2005). The amount of rainfall or irrigation that 
occurs also drives the K release processes. 

The varied K release from different plant species in a cropping system defines its 
role in supplying K to the next crop. For instance, Sunn hemp, maize, and sorghum 
release K slowly for a long time compared to triticale, black oats, soybean, and cover 
crops terminated during early vegetative growth stages which can release consider- 
able amounts of the nutrient very fast (Rosolem et al. 2003; Oltmans and Mallarino 
2015). Therefore, to estimate the value of recycled K for a following crop, it is 
essential to consider the species from which the K is recycled, the time between 
desiccation and planting of the next crop, the rainfall amount and pattern within this 
period, and soil properties that influence the fate of recycled K. Tropical grasses used 
as cover crops in Brazil can release from 1.5 to 6.5 kg K ha! day !. Considering 
that Palisade grass and Panicum have between 90 and 100 kg K ha ' and pearl millet 
has 200 kg K ha! accumulated in the residues, this is more than enough to supply 
the nutrient for subsequent crops, such as soybean, maize, or cotton (Gossypium 
hirsutum (L.)). 

In the US Corn Belt, from 50 to over 70 kg K ha ! were washed back to the soil 
from soybean residues up to the time of planting the next crop, depending on K 
fertilization. For maize, washed K ranged from 25 to 50 kg K ha | (Oltmans and 
Mallarino 2015). In Brazil, in a soybean-pearl millet rotation, around 70 kg K ha^! 
was released from plant residues from the day of soybean planting up to 50 days after 
emergence. By this time soybean had taken up around 90 kg K ha^! (Foloni and 
Rosolem 2004). These results show the importance of the nutrient accumulated in 
plant residues in supplying K to the next crop. 
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6.4 Residue Potassium as a Means of Reducing Potassium 
Losses from the System 


Pal et al. (1999) showed that soil soluble K is negatively related to the proportion of 
coarse sand and positively related to the amounts of clay and silt. Thus, greater K 
leaching losses might be expected from sandy soils than from clayey soils 
(Malavolta 1985). Potassium leaching below the arable layer increases with K 
application rates, although the effect is less noticeable in clayey soils. 

Potassium leaching in a sandy clay loam soil is related to the soil K content from 
prior fertilization. With no excess water and in the presence of soybean roots, the K 
distribution through the profile was significant in a light textured soil but was not 
observed on a heavy-textured soil (Rosolem et al. 2012). Furthermore, in sandy soils 
K leaching is proportional to K fertilizer application rates (Rosolem et al. 2012), and 
it strongly increases with annual applications >65 kg K ha '. The increase in K 
fertilizer application rates intensifies K leaching losses below 1.0 m in sandy clay 
loam soils, representing 16-52% of the applied fertilizer K (Rosolem and Steiner 
2017). Therefore, due to the high potential of K leaching, splitting of K fertilizer 
applications and conserving K in residues are both important management strategies 
to minimize K leaching losses and to improve K use efficiency in tropical, low-clay 
soils. 


6.5 Potassium from Agro-Industrial Residues 


The application of agricultural waste to the soil to complement or substitute for K 
fertilization is an important alternative adopted in the agricultural sector. Such 
practice, besides decreasing production costs, is an appropriate way to dispose and 
utilize these materials. Many residues can be used as K sources in agricultural 
systems (Table 6.2). However, the decision to apply a residue to the soil is related 
not only to the K concentration, but also to its availability and ease of acquisition by 
farmers. 

In sugar mills, filter cake is obtained from impurities removed during the floccu- 
lation process, decanting and filtering the sugarcane in a rotary filter. It is estimated 
that 30-40 kg of filter cake are produced for each ton of cane processed (Santos et al. 
2011). This residue has a considerable amount of organic matter and nutrients 
(Almeida-Jünior et al. 2011). Filter cake can be applied to agricultural soils, increas- 
ing the plant availability of K and other nutrients, as well as decreasing exchangeable 
Al (Korndórfer and Anderson 1997). 

Vinasse, a byproduct of biomass distillation, is the largest source of pollution in 
the ethanol industry (Santos et al. 2013), and its disposal has become a problem in 
sugarcane growing countries. Considering that 1 L of ethanol generates around 
9—14 L of vinasse, it is forecast that about 6 trillion L (TL) of this material will 
need to be managed by 2023 (Carrilho et al. 2016). On the other hand, land 
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Table 6.2 Concentration of K and K,O in some organic by-products and residues from vegetal, 
animal, and agro-industrial sources 


Residue K KO References 

Vinasse — 3740-7830 | Carrilho et al. (2016) 
Molasses (M) 

Juice (J) 1200-2100 

M+J 3340-4600 

Green sugarcane - 2.10-3.40 Korndörfer and Anderson (1997) 
Filter cake — 0.2-0.4 Prado et al. (2013) 
Boiler ash — 2.7 Vitti and Luz (2008) 
Poultry litter — 25.7 Vitti and Luz (2008) 
Chicken manure - 30.1 Vitti and Luz (2008) 
Pig slurry = 1.0-1.25 Vitti and Luz (2008) 
Cattle manure fresh 6.0 - Raij et al. (1997) 
Tanned cattle manure 21.0 |- Raij et al. (1997) 
Castor cake 11.0 |- Raij et al. (1997) 
Natural coffee husk - 30.0 Matiello (2005) 
Coffee cherry husk - 39.0 Matiello (2005) 
Parchment of coffee beans - 3.7 Matiello (2005) 


"Information is not available 
Dry matter ranging from 11.7 to 20.9 g kg! 


application of vinasse and sugar industry effluents is gaining importance due to the 
presence of high quantities of mineral nutrients essential for plant growth and 
organic matter content. Land application not only improves crop yields but also 
addresses the problem of effluent disposal (Jiang et al. 2012). Vinasse has relatively 
high concentrations of K, calcium (Ca), and organic matter, as well as moderate 
amounts of N and other nutrients (Abreu-Junior et al. 2008). This residue can be 
profitably recycled to improve soil chemical and physical properties and is an 
alternative for supplying valuable crop nutrients. 

It is estimated that 30 Mg ha! of filter cake and 150 m? ha! of vinasse are 
equivalent to 60 and 690 kg ha! of potassium chloride, respectively. Thus, vinasse 
is applied to provide 10096 of the K required by sugarcane (Bataglia et al. 1986), 
typically applied in amounts from 60 to 350 m^ ha !. Filter cake (wet) can be applied 
to the total area (80-100 Mg ha!) preplant, at planting (15-30 Mg ha!) or between 
cane lines (40-50 Mg ha !). The K added by such wastes is fully deducted from the 
mineral fertilizer recommendation (Raij et al. 1997). This practice has become so 
popular that vinasse use is now regulated by environmental agencies in Brazil to 
avoid over application. 

Using coffee (Coffea arábica L.) as another example, 5096 of the harvested fruit 
consists of beans and another 5096 is husk (by weight). The large amount of coffee 
husk from processing has caused environmental concerns and alternative uses for 
these residues must be found. Depending on processing, various wastes are gener- 
ated, such as husk, pulp, parchment, mucilage, and wastewater. Coffee processing 
residues are rich in several nutrients, especially K, although the K concentration 
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depends on the type of coffee husk. Although coffee processing residues are 
considered a good source of organic fertilizer (Matiello 2005), little is known 
about the release and mineralization of the nutrients from these residues. It has 
been shown that K release from coffee husk is rapid, and it does not depend on the 
type of coffee processing; it can be used as a substitute for mineral fertilizers (Zoca 
et al. 2014). 


6.6 Fertilizer Recommendations and Potassium Cycling 


According to Mallarino et al. (2013), the Iowa State University fertilizer guidelines 
consider the amount of crop residue removed and average concentrations of 7.50 and 
9.58 g K kg | for maize and soybean residue, respectively (150 and 100 g kg! 
basis). These average concentrations were determined for a variety of management 
conditions during the 1990s and 2000s. High soil-test K (STK) values and high K 
fertilization rates would lead to more K being removed in residues than the published 
numbers because of the large K increase in vegetative tissues in response to high K 
supply (Rosolem et al. 2010; Oltmans and Mallarino 2015). 

Vitko et al. (2009) evaluated K fertilization for maize harvested for grain or for 
silage and the time of soil sampling on STK at five Wisconsin sites over 3 years. 
They reported that spring STK was consistently greater than fall STK (20-45% 
greater) at only one site for both harvest systems. Only in 1 year was the STK 
increase lower with silage harvest than with grain harvest. Grimes and Hanway 
(1967b) showed that maize and alfalfa (Medicago sativa (L.)) residues added to soil 
did not differ in K availability and were equal to K added with KCI fertilizer after 
72 days of ryegrass (Lolium multiflorum Lam.) growth. Soil test K concentrations 
were usually higher in spring than in the previous fall. The STK difference was 
correlated with the amount of K lost for both crops, although there was greater 
unexplained variability in maize (? — 0.16) than in soybean (7 = 0.54). Oltmans 
and Mallarino (2015) also reported that STK increased from fall to spring, that the 
increase was correlated to the K lost from maize and soybean residue, and that both 
crop type and rainfall strongly influenced the K recycled and the effect on STK 
temporal change. It is possible that unmeasured changes among soil K pools in these 
studies could further explain measured STK differences between fall and spring. 
Furthermore, the K supply to ruzigrass (Brachiaria ruziziensis Germ. & C.M. 
Evrard) has been shown to be more dependent on recently added K fertilizer than 
on the residual effect of previous fertilizations in a light-textured Cerrado soil from 
Brazil (Rosolem et al. 2012). 


6.6.1 Modeling Potassium Release from Residues 


Most of the studies on K release from plant residues report that the process fits a 
single exponential model (Wider and Lang 1982). This makes sense, because K 
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leaching from live or dead tissues is practically independent of tissue decomposition. 
When tissue decomposition is important, a double exponential model would be more 
appropriate (Wider and Lang 1982). 

A rather simple soil and plant K model was developed to be incorporated into 
EPIC model code, version 0160 (Barros et al. 2004). The modification takes into 
account the transfer between soil K pools, fertilizer addition, K losses, K transport by 
soil water evaporation, uptake by crops, effect on biomass production, and K release 
from crop residues. However, the proposed modification oversimplifies the soil K 
transformations as well as the contribution of the plant residues for K availability. 
The model considers the K concentration in plant residues, but rainfall and residue 
composition are ignored. The modified EPIC model was tested for a maize-cowpea 
intercropping in NE Brazil, with reasonably good accuracy and agreement between 
the measured and simulated values for 3 years (Barros et al. 2005). However, results 
could be improved if the K contributions of plant residues were better estimated. 

The problem is that K leaching from plant residues is regulated by K concentra- 
tion in the tissue, period of leaching, and rainfall; therefore, simple models are not 
likely to work in accurately predicting the amount of K available for the next crop. 


6.6.2 Implications for Timing of Soil Sampling 


According to Oltmans and Mallarino (2015), 43% of the K accumulated in vegeta- 
tive soybean tissues at maturity remained in residue by early December (after 
harvest), and only 12% remained by early April (before the next growing season). 
In maize, however, 6796 of the K accumulated in vegetative tissues at maturity 
remained in residue by early December, and 31% remained by early April. Increas- 
ing precipitation decreased K remaining in tissues exponentially to a minimum 
across all site years. Soil test K concentrations usually were higher in spring than 
the previous fall, and the soil test K difference was correlated with the amount of K 
lost for both crops. However, it is important to note that changes in soil K pools, both 
exchangeable and non-exchangeable forms, depend also on the rainfall (Rosolem 
et al. 2006). Therefore, the result of the K soil test will be dependent on the time after 
the previous crop maturity and harvest, desiccation of cover crops, the rainfall, the 
species, and the tissue K concentration. 


6.7 Conclusion 


It is not difficult to measure or estimate the amount of K to be released from crop or 
cover crop residues. However, there is uncertainty in estimating exactly how much 
K will be available in time for the next crop. One approach is to use soil testing as a 
monitoring tool and then estimate K fertilizer rates to be applied, considering the 
harvested K. In this case, soil samples must be always taken at the same time of the 
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year. Fertilizer recommendations based on such sampling would not only promote 
an adequate K supply for the crop but would also contribute to system sustainability. 
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Abstract Soil potassium (K) has traditionally been portrayed as residing in four 
functional pools: solution K, exchangeable K, interlayer (sometimes referred to as 
"fixed" or “nonexchangeable”) K, and structural K in primary minerals. However, 
this four-pool model and associated terminology have created confusion in under- 
standing the dynamics of K supply to plants and the fate of K returned to the soil in 
fertilizers, residues, or waste products. This chapter presents an alternative frame- 
work to depict soil K pools. The framework distinguishes between micas and 
feldspars as K-bearing primary minerals, based on the presence of K in interlayer 
positions or three-dimensional framework structures, respectively; identifies a pool 
of K in neoformed secondary minerals that can include fertilizer reaction products; 
and replaces the “exchangeable” K pool with a pool defined as “surface- 
adsorbed" K, identifying where the K is located and the mechanism by which it is 
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held rather than identification based on particular soil testing procedures. In this 
chapter, we discuss these K pools and their behavior in relation to plant K acquisition 
and soil K dynamics. 


7.1 Introduction 


Traditionally, soil potassium (K) has been depicted as occurring in four pools—soil 
solution K, exchangeable K, interlayer K, and mineral or structural K (Barber 1995). 
Various publications have estimated the relative sizes of these traditional K pools 
(for example, Oborn et al. 2005; Hinsinger 2006) with K in primary minerals 
(90-98% of total soil K) the dominant form of soil K. The K most readily available 
for plant uptake [exchangeable K (1-2%) and solution K (0.1—0.2%)] represents 
only a very small fraction of the total soil K, although interlayer K in secondary 
minerals can also be a significant proportion (1—1046, depending on mineralogy). 
However, this terminology creates some confusion for a number of reasons. In 
particular, exchange reactions between the solid and the soil solution phases can 
result in reversible K movement to or from both surface and interlayer positions of 
clay minerals, while interlayer K can be found in both primary minerals (e.g., micas) 
as well as in secondary minerals (e.g., illite). Furthermore, soils with a history of 
repeated applications of high-K waste materials and/or high rates of band-applied 
compound fertilizers containing K may also contain neoformed secondary K min- 
erals with poorly understood behavior in terms of K bioavailability. 

These considerations have led to the development of an alternative framework to 
depict soil K pools (Fig. 7.1). There are three key characteristics of this conceptual 
diagram that differ from the traditional four-pool model. The first is the distinction 
between micas and feldspars as K-bearing primary minerals, which is based on the 
presence of K in interlayer positions between mineral layers in phyllosilicate min- 
erals (micas and partially weathered micas) or in the three-dimensional structural 
frameworks of tectosilicates (feldspars). The flux from structural K in feldspars and 
micas to soil solution K is unidirectional. However, the flux from interlayer K to soil 
solution K can be bidirectional for partially weathered micas. The second character- 
istic is the identification of a pool of K in neoformed secondary minerals that can 
include fertilizer reaction products. The third characteristic is the replacement of the 
“exchangeable” K pool with a pool defined as “surface-adsorbed” K. The "surface- 
adsorbed K" concept clearly identifies where the K is located and the mechanism by 
which it is held. It avoids ascribing possible locations (surfaces, wedge, and 
interlayer positions) on the basis of particular soil testing procedures. 

Quantification of K in these different K pools, particularly in relation to K 
available for plant acquisition in time frames relevant to individual crop or pasture 
seasons (i.e., K bioavailability, Chap. 4), is challenging. This is due to both the 
limitations of current diagnostic soil testing methods (Chap. 8) and the need to 
consider crop, season, and soil-specific factors that regulate root dynamics, rhizo- 
sphere conditions, and soil moisture dynamics (Chap. 4). In this chapter, we will 
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Fig. 7.1 Diagrammatic representation of the K cycle, identifying the soil K pools (rectangles) 
discussed in this chapter. The arrows denote fluxes of K in soil—plant systems 


discuss these K pools and their behavior in relation to plant K acquisition and soil K 
dynamics. 


7.2 Solution Potassium and Potassium Activity 


Soil solution K is the quantity of K dissolved in the aqueous liquid phase of the soil 
(Soil Science Glossary Terms Committee 2008). Unless mineral soils have been 
recently fertilized or amended with manure, soil solution K concentrations are 
typically low (100-1000 uM) because of selective adsorption of K by some clay 
minerals (Hinsinger 2006). Leaching losses of K are usually low, but they may occur 
when K inputs exceed the sum of K holding capacity and plant uptake (Chap. 3) or 
where preferential flow of water occurs. 

As the monovalent cation, K* in the soil solution is the form taken up directly by 
plants (Sparks 1987), with concentrations determined by reactions with solid-phase 
forms of soil K and with other cations on the exchange complex and in the soil 
solution, and by soil moisture content (Sparks and Huang 1985). The small amount 
of K* present in the soil solution in all except recently fertilized soils suggests that 
the rate of K uptake from this pool is likely to be limited as solution K* stocks are 
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rapidly depleted (Barrow 1966). Therefore, factors that control solution K concen- 
tration ultimately influence uptake rates. These factors include the rates of K 
diffusion in the soil solution from surrounding, undepleted soil, and the quantity 
of readily desorbable K on the exchange complex (Evangelou et al. 1994; Barber 
1995). The moderating effects of other major soil solution cations (Ca, Mg, and Na) 
on the kinetics of soil solution K replenishment and subsequent uptake of K by plant 
roots have been the subject of extensive research, reviewed by Sparks (1987) and 
Evangelou et al. (1994). This research has shown that the complex interactions 
among soil solution chemistry, rooting density, and the subsequent competition for 
K uptake make extrapolation beyond the specific conditions of individual experi- 
ments difficult (Barber 1995). There is, however, a general recognition of the 
importance of cation exchange capacity (CEC) on both the ability of the soil to 
buffer soil solution K (sometimes measured as buffer capacity, BCx) and also on K 
supply to the root (Barber 1981). As CEC increases, there is less K available for plant 
uptake, even in soils with the same concentrations of exchangeable K (Bell et al. 
2009). These relationships have currently not been well defined. 


7.3 Surface-Adsorbed Potassium 


Surface-adsorbed K is the quantity of K associated with negatively charged sites 
on: soil organic matter; planar surfaces of phyllosilicate minerals; and surfaces of 
iron and aluminum oxides. However, the location of those charge surfaces and the 
specificity of those sites for K varies greatly. An example of the contrasting sites was 
provided by Mengel (1985) for a weathered grain of mica (Fig. 7.2). The p-position 
is a site on the planar surfaces of phyllosilicate minerals where hydrated K* is 
adsorbed. In these positions, K ions tend to retain a hydration shell, be weakly and 
nonspecifically bound, and be in rapid dynamic equilibrium with soil solution 
K. Exchange reactions in response to altered soil solution concentrations occur 
very quickly. For example, cation exchange reactions on montmorillonite have 
been measured to be complete in less than 10^! s (Tang and Sparks 1993), but 
modelled to be complete much faster, less than 5 x 10 !? s (Bourg and Sposito 
2011). As a result, this K pool is considered to be in a form immediately available for 
movement into the soil solution in response to depletion by plant root uptake (Barber 
1995). 

Planar surface sorption sites, along with carboxylate and phenolate groups in soil 
organic matter and negatively charged sites on the surfaces of iron and aluminum 
oxides, tend to show a greater affinity for divalent cations like Ca?* and Mg^* 
(Hinsinger 2006). This means that application of soil amendments (lime, limestone, 
or dolomite), or even frequent rainfall or irrigation in well-drained soils, can result in 
displacement of surface-adsorbed K from the charged surface by other cations and 
possible loss from the rooting zone through leaching. Other sorption sites illustrated 
in Fig. 7.2, the e- and i-positions, show greater affinity for K and a slower interaction 
with components of the soil solution. These sites are discussed below. 
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Fig. 7.2 Diagrammatic representation of K adsorption positions for mica, a frayed edge of mica, 
and an outer layer where mica has transformed to vermiculite. Planar surface (p-position), interlayer 
(i-position), edge (e-position), and wedge positions are shown. (adapted from Mengel 1985; Mei 
et al. 2015; Rich 1968) 


7.4 Interlayer K in Micas and Partially Weathered Micas 


Interlayer K is the quantity of K bound between layers of phyllosilicate minerals. 
Micas are phyllosilicate minerals with each mineral layer composed of two tetrahe- 
dral sheets bound on either side of one octahedral sheet (2:1 layer silicates, 
Fig. 7.3a). Layers carry a net negative charge and are bound together by K* ions. 
Away from the edges of the crystal, these K* ions do not have a hydration shell. 
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Fig. 7.3 Diagrammatic representation of the structure of (a) a dioctahedral mica, and (b) vermic- 
ulite and smectite. (adapted from Schulze 1989) 


They are dehydrated and occupy the ditrigonal cavities in the tetrahedral sheets 
above and below them in adjacent 2:1 layers (Fig. 7.3a). Muscovite and biotite are 
two common micas. Pure muscovite is a dioctahedral mica in which two-thirds of the 
cation positions in the octahedral sheet are filled with trivalent Al**. Biotite is a 
trioctahedral mineral in which all the cation positions in the octahedral sheet are 
filled with divalent cations such as Fe?* and Mg”*. The negative layer charge in these 
minerals is derived primarily from isomorphic substitution of AP* for Si** in the 
tetrahedral sheets. The layer charge of both muscovite and biotite is close to 1 mol of 
charge per 10-oxygen formula unit (Thompson and Ukrainczyk 2002). 

During mica weathering, the layer charge of these minerals declines and 
interlayer K leaves from the edges of the particles (Scott and Smith 1967; Barber 
1995; Hinsinger 2006). As the net negative charge in the layers decreases, not only is 
K released from some interlayer positions near the edge of the particles but the space 
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Fig. 7.4 An example 
structure of a potassium 
feldspar (orthoclase) and the 
types of bonds present. 
Arrows indicate the 
desorption of K* cations 
from their original positions 
at the outer surface of the 
tectosilicate structure, 
indicated by circles with 
dotted lines. (adapted from 
Fenter et al. 2000) 
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between the layers opens at those locations (Fig. 7.2). These changes allow for freer 
movement of other cations into that portion of the interlayer region and facilitate 
exchange reactions. In general, weathering of micas leads to loss of layer charge and 
transformation to vermiculite, and then to smectite (Wilson 1999; Thompson and 
Ukrainczyk 2002) (Fig. 7.4). 

As micas weather, interlayer adsorption sites become differentiated (Fig. 7.2). 
The e-position is an interlayer adsorption site where hydrated K* is preferentially 
adsorbed and where K* can rapidly diffuse short distances out of the crystal lattice 
and into the soil solution. Potassium in this position is rapidly exchangeable with 
NH4*, and NH," is also preferentially adsorbed at these sites (Bolt et al. 1963; 
Mengel 1985). The i-position is an interlayer adsorption site where dehydrated K* 
is preferentially adsorbed and where K* diffuses more slowly into the soil solution. 
A wedge zone is the interlayer volume at the nexus where two adjacent 
phyllosilicate mineral layers separate farther due to solvation forces. A wedge 
site is an interlayer adsorption site at the point where two adjacent layers begin 
to separate farther due to solvation forces. Wedge sites on illite are most selective 
for the dehydrated cesium cation (Cs*) but are also selective for dehydrated K* (Lee 
et al. 2017). 

Hinsinger (2006) noted that while adsorption/desorption of K can occur in the 
e-positions in frayed edges of weathered clay minerals, this process was consider- 
ably slower than that at the planar surfaces discussed in Sect. 7.3. Even slower 
release can occur with K in the i-positions, because the ionic radius of K* and its low 
hydration energy allow it to dehydrate and fit perfectly into cavities created by the 
basal plane of oxygen ions in the tetrahedral sheets of phyllosilicates. While adsorp- 
tion/desorption reactions may still occur under particular circumstances, they are 
very slow. 
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Mengel (1985) differentiated K adsorption positions by their Gapon selectivity 
coefficients. The Gapon coefficient is a factor that quantifies the selectivity for one 
ion over another at adsorption sites. The higher the Gapon coefficient is, the greater 
the selectivity. Using the selectivity for K* over Ca^* (Bolt et al. 1963), Mengel 
(1985) reported that the Gapon coefficients differed by an order of magnitude 
between adsorption positions. The p-positions had the lowest selectivity for K 
(Gapon coefficients less than 10), the e-positions had an intermediate selectivity 
(Gapon coefficients approximately equal to 100), and the i-positions had the highest 
selectivity for K (Gapon coefficients greater than 1000). 

As a mica weathers, transformations occur within very short distances. 
Interstratification is the occurrence of both high-charge layers of mica and layers 
with lower charge in the same mineral domain. In phyllosilicate clays, the high- 
charge, K-bearing core is typically illite, i.e., a clay mica. Core illite layers are often 
continuous with near-edge layers where weathering has lowered the charge suffi- 
ciently to be classified as vermiculite. The difference in the structural charge of 
domain cores and of layers near domain edges is usually ignored in the literature, and 
such particles are lumped into the term “‘illites.” Potassium that is held in the core 
interlayers (i-positions) is not surface-adsorbed, is not exchangeable with ammo- 
nium, and is not likely to be bioavailable to plants unless subjected to the unique 
conditions of the rhizosphere (Chap. 4). Indeed, K* cations in those positions can be 
extremely stable. In contrast, the lower-charge interlayer positions near domain 
edges, e-positions in Fig. 7.2, may retain K from fertilizer amendments and release 
it back slowly to the soil solution. Because the layer charge there is lower than in 
unweathered mica layers, K* ions are held less tightly and are more susceptible to 
subsequent release. It should be noted that both primary micas and the high-charge 
core of illite domains will yield a 1.0-nm d-spacing in X-ray diffraction patterns. It is 
difficult to quantitatively differentiate a primary mica from illite by using routine 
X-ray diffraction procedures. 


7.5 Interlayer Potassium in Secondary Layer Silicates 


Secondary layer silicates are phyllosilicate minerals that are weathering products 
of primary minerals. The interlayer compositions of these minerals are variable and 
can contain a variety of cations and quantities of water. Figure 7.3b shows an 
example structure that represents two different types of secondary minerals impor- 
tant to K behavior in soils: smectite and vermiculite. A key feature of these minerals 
is the presence of hydrated cations in the interlayer. The presence of water facilitates 
the diffusion of cations in and out of the interlayer, making cation exchange possible. 
Soil tests that rely on cation exchange to measure K will measure some K from 
interlayers of these minerals. 
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7.6 Structural Potassium in Feldspar and Feldspathoids 


Structural K in feldspars is the quantity of K in structures of tectosilicate minerals. 
Making up nearly 31% of the Earth's crust, feldspars (specifically, orthoclase and 
microcline) and feldspathoids (e.g., leucine) represent the dominant form of struc- 
tural K in many soils, with the quantities in soil determined by the intensity of 
weathering and also erosional and depositional factors (Sparks 1987; Barber 1995). 
While feldspars are commonly present in the silt and sand fractions of younger and 
moderately weathered soils (Sparks 1987), alkali feldspars have also been found in 
the clay fractions of moderately weathered soils (Huang and Lee 1969). 

The K in feldspars occurs throughout the mineral structure (Fig. 7.3). In 
K-feldspars, silicon (Si)-oxygen, and aluminum (Al)-oxygen bonds are stronger, 
covalent bonds, but K is held in the tectosilicate structure by weaker, ionic bonds 
(Fogler and Lund 1975). When feldspars weather, the K in the outer layer of the 
structure is released first, causing structural relaxation of the remaining bonds in the 
surrounding structure (Fenter et al. 2000). The result is an irreversible dissolution of 
the mineral's silicate framework during weathering (Sparks 1987; Barber 1995; 
Hinsinger 2006). While K feldspars can be present in only small quantities or are 
completely absent in some strongly weathered soils (Sparks 1987), the rates of 
weathering and subsequent K release may be slowed by the formation of a 
noncrystalline Si-Al-O skin on the mineral surface (Rich 1972). Rich (1968) found 
that the rates of K release from feldspars were typically slower than that from micas, 
although Song and Huang (1988) noted that this order may be altered in the presence 
of organic acid anions (oxalate and citrate) that can be exuded by roots of some plant 
species into their rhizospheres. 

There is evidence to suggest that feldspars can contribute significant quantities of 
bioavailable K to plants, with these contributions potentially originating from sand- 
sized fractions rather than clay-sized fractions. Examples include the work of Rehm 
and Sorensen (1985), who conducted a 4-year trial that varied fertilizer application 
rates of K and magnesium (Mg) in a factorial combination on an irrigated Valentine 
loamy fine sand with aeolian sand parent material. Application rates of fertilizer K 
ranged from 0-269 kg K ha !. Based on the levels of ammonium acetate 
extractable K, Rehm and Sorensen expected maize (Zea mays L.) yield to increase 
when fertilized with K; however, no increase was observed over the study period. 
They attributed the lack of maize response to the added K to the presence of 
bioavailable K in feldspars in the fine sand and very fine sand size fractions. Sautter 
(1964) characterized the Valentine soil as having up to 2346 K feldspars in the upper 
28 cm (inferred from Fig. 7.1 in that paper). Sadusky et al. (1987) measured K 
release rates from three US Atlantic Coastal Plains soils that had high quantities of 
feldspars in the sand fractions, ranging from 6.7—16.0% in the surface horizons and 
8.2—24.0% in the subsurface horizons. Potassium release rates were studied for a 
period of up to 30 days in the presence of both oxalic acid and a cation exchange 
resin. Because the resin provided a continuous sink for K and kept solution K levels 
lower than did the oxalic acid, approximately two orders of magnitude more K were 
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released with the resin than with oxalic acid. Most of the K was released in the first 
16 days (inferred from Fig. 7.1 in that paper). After 30 days, the total quantities of K 
released by the resin ranged from 67-92 mg K kg '! soil in the surface horizon 
samples. 

This type of evidence suggests that blanket statements about coarser-textured 
sandy soils providing little bioavailable K to plants can be inaccurate. The observa- 
tions of Niebes et al. (1993) that a substantial portion of K had been extracted by rape 
(Brassica napus L.) grown in the coarse (silt and sand) fractions of soils from two 
long-term fertilizer experiments in Europe support this conclusion. Despite the short 
duration of this experiment (8 days of plant growth), they found for the coarse silt 
and sand fractions that 80-100% of the bioavailable K was not originating in the 
ammonium-exchangeable pool. The mineralogical composition and the K-supplying 
power of a given particle size fraction must be considered, and future K recommen- 
dations need to consider the possible contribution of K feldspars. 


7.7 Neoformed Potassium Minerals 


Neoformed K minerals are newly formed minerals created from the reaction of soil 
solution K with other soil solution ions. Neoformed K minerals do not include 
primary or secondary layer silicate minerals, but are considered to be a possible 
byproduct of fertilizer use in intensive cropping areas, especially where compound 
fertilizers that include K are applied in bands with high in-band concentrations (e.g., 
the result of wideband spacings in sugarcane or row crops). Such minerals are 
probably rare in soils, but they may form under certain conditions. 

As an example, we consider the neoformation of potassium taranakite 
(K3Al;H6(POx4)g - 18H20) or its noncrystalline analogs. Du et al. (2006) coapplied 
monocalcium phosphate with KCl on an acid (pH 4.6) soil. They hypothesized that 
some of the added K displaced AP* from exchange sites, leading to precipitation 
of K, P, and AI as a noncrystalline analog of potassium taranakite. Formation of 
potassium taranakite was also observed by Lindsay (1962) after adding saturated 
solutions of monocalcium phosphate or monopotassium phosphate to an acidic 
(pH 4.9) Hartsells fine sandy loam soil. The formation of potassium taranakite 
with only monocalcium phosphate indicates that to form this precipitate, K may 
not need to be added but simply needs to be present in solution or in a position 
(probably the p-position) where it can be readily displaced into solution by fertilizer 
addition. Potassium taranakite was present at 15 min and 3 h after fertilizer addition, 
but not after 3 days. When Lindsay added those same saturated fertilizer solutions to 
a basic (pH 8.3) Webster silty clay loam soil, no taranakite formed. Acid conditions 
where Fe and Al are present are necessary for potassium taranakite formation. 

How the formation of taranakite or other neoformed minerals changes K bio- 
availability during the growing season of plants has not been well researched and is 
currently not well known. 
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7.8 Fixation and Release of Interlayer Potassium 


The processes by which K is adsorbed or desorbed from interlayer positions of 
weathered micas, vermiculite, and high-charge smectite are referred to as fixation 
and release. In potassium fixation, hydrated K* ions move to interlayer positions in 
phyllosilicate minerals, then dehydrate as the mineral layers contract. In this 
position, the K* is unavailable to plants. Potassium release is when mineral layers 
expand, K* ions rehydrate, and move to the soil solution, becoming bioavailable to 
plants. In addition to environmental factors such as pH, redox potential and temper- 
ature, fixation and release are governed by the soil solution concentrations of K and 
competing cations. The actions of plant root uptake (depletion) or fertilizer applica- 
tion (enrichment) determine the net impact of fixation and release on the dynamics of 
interlayer K (Schneider et al. 2013). The processes of K interlayer fixation have been 
studied extensively, due to the focus on exchangeable K as a proxy of the pool of soil 
K that is bioavailable to plants and the apparent inefficient use of applied K fertilizer 
in soils where K fixation occurs (e.g., Kovar and Barber (1990)), but there has been 
less research focus on the release process. Sparks (1987), Barber (1995), Óborn et al. 
(2005), Hinsinger (2006), and Zórb et al. (2014) provide detailed reviews of much of 
this work (see also Chap. 4). 

In some ways, K fixation can be conceptualized as the reversal of mica 
weathering (Fig. 7.5). When micas weather, their interlayers expand, and K is 
released. Even though layer charge declines, there is an increase in CEC because 
more surface area is available to exchange with cations in extractant solutions used 
to measure CEC. This greater surface area comes from interlayer positions that have 
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Fig. 7.5 Model of the processes of K fixation and release 
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Fig. 7.6 Annual change in exchangeable K (exch. K) in response to annual K budgets in several 
long-term fertilizer trials in Europe. Potassium inputs are from organic and inorganic K fertilizers, 
and K outputs occur in harvested produce. The general lack of equivalent changes in exchangeable 
K in response to surpluses or deficits in K budgets have been interpreted as evidence of K fixation or 
release, respectively. (Hinsinger 2002) 


become available for ion exchange upon interlayer hydration and expansion. When 
K is fixed between the layers of expanded 2:1 layer silicates, the layers contract, 
trapping dehydrated K* ions in ditrigonal voids in adjacent tetrahedral sheets. The 
dehydration and contraction of interlayers prevent ion exchange, and an equivalent 
decrease in CEC is observed. Fixed K becomes nonexchangeable, or at least not 
exchangeable with NH4* in the 1 M ammonium acetate extractant commonly used to 
measure CEC and exchangeable cations. For decades, the fixation process has been 
studied in laboratory settings (Barshad 1948, 1951, 1954; Jackson 1963; 
Reichenbach and Rich 1975; Wear and White 1951), and its effects can be observed 
at the field level in some long-term fertilized treatments, for example, at the 
Rothamsted site discussed by Blake et al. (1999) and other sites in Europe (Hinsinger 
2002, Fig. 7.6). At the same time, the unfertilized or negative K balance treatments in 
long-term studies have demonstrated that there can be significant net release of 
nonexchangeable K in unfertilized plots (Velde and Peck (2002), Fig. 7.6). How- 
ever, whether K was released from feldspars, from primary or partially weathered 
micas, or from secondary phyllosilicate minerals, or simply depletion of unsampled 
subsoil layers (Kuhlmann and Barraclough 1987; Prasad 2009), was rarely 
determined. 
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Potassium ions, in addition to those of other monovalent cations such as NH,", 
rubidium (Rb*), and Cs*, are all fixed in a similar manner (Barshad 1954; Meunier 
and Velde 2004; Sucha and Širáńová 1991), while ions of monovalent sodium (Na*) 
and the divalent cations calcium (Ca?*), magnesium (Mg”*), barium (Ba?*), and 
strontium (Sr^*) are not fixed to any appreciable extent. This is because monovalent 
cations have relatively weak energies of hydration compared to the divalent cations 
and so they are more likely to shed water molecules from the hydration sphere as 
they enter the charged space of the interlayer region. Furthermore, because of their 
size, K*, NH4*, Rb*, and Cs* ions can be positioned more stably in the ditrigonal 
cavities in the tetrahedral sheet than can other monovalent ions like Na* or lithium 
(Li*) (Reichenbach and Rich 1975). Staunton and Roubaud (1997) reported that the 
order of increasing affinity of monovalent cations for montmorillonite and illite was 
generally Na « K « NH, « Cs, arguing that the strong retention of Cs may be the 
result of the more covalent nature of the Cs-clay interaction compared to the 
electrostatic interactions of the other ions. 


7.8.1  Contractive and Expansive Forces 


At the molecular scale, most K fixation by 2:1 layer silicates can be thought of most 
simply as the force of lattice contraction exceeding the forces of lattice expansion 
with K* ions in the interlayer space (Fig. 7.7). Contraction is a result of the attraction 
of negatively charged sites on the silicate surface for the positively charged cation. 
Expansion occurs when the layer charge is insufficient to overcome the energies of 
hydration of the cations in the interlayer (Hurst and Jordine 1964; Kittrick 1966; 
Kaufhold and Dohrmann 2010). The repulsion of the strong dipoles of the oxygen 
ions that are fixed in place on the basal planes of the minerals also contribute to 
repulsion of the layers from one another. 

Clay layers may also collapse when there are no interlayer molecules or ions (i.e., 
water, metal hydroxyl complexes, organic cations, and molecules) to prevent the 
approach of adjacent layers close enough for van der Waals forces of attraction to 
exceed the forces of expansion. The strength of van der Waals forces lies in the 
proximity of clay layers to each other, and the proximity is controlled by the 
coulombic force of attraction of interlayer cations for interlayer surfaces. The greater 
the attraction, the closer the cation is held to the interlayer surface. The closer the 
cation is held, the closer an adjacent clay layer can approach. The closer adjacent 
clay layers become, the stronger van der Waals attractive forces become. When van 
der Waals attractive forces exceed the forces of expansion, the clay layers will 
collapse. Hence, cations with high energies of hydration and large hydrated ionic 
radii (e.g., Ca?* and Mg^*) are not appreciably fixed because it is difficult to 
overcome the distance that these hydrated cations place between clay layers and 
the energy with which they hold onto their surrounding water molecules (Fig. 7.7). 

The coulombic force of attraction of interlayer surfaces for interlayer cations is a 
function of layer charge, charge location, and bond geometries in the layer silicate 
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Fig. 7.7 Conceptual model of how the force of attraction and force of expansion contributes to 
contraction or expansion of 2:1 phyllosilicate layers. (Kaufhold and Dohrmann 2010) 


crystal. Increased layer charge equates with increased attraction between interlayer 
cations and interlayer surfaces. Tetrahedrally derived negative charge is more 
effective than octahedrally derived negative charge at attracting interlayer cations 
as a result of its proximity to the basal layer surface. Similarly, bond geometries, 
particularly the hydroxyl group orientations in the octahedral sheet that are largely a 
function of cationic occupancies in the octahedral sheet, affect the attraction of 
interlayer cations for interlayer surfaces by controlling how closely interlayer cations 
can approach negative layer charge sites. 


7.8.2 Factors Affecting Potassium Fixation and Release 


Soil mineralogy is the key to understanding K fixation and release because only 2:1 
layer silicates fix and release K in interlayer positions. Potassium can be fixed by 
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mica weathering products, i.e., vermiculites and high-charge smectites (Barshad 
1951, 1954, Ranjha et al. 1990, Rich 1968, Martin and Sparks 1985). Some authors 
indicate that K can be fixed by micas per se, but this is not likely. Micas are defined 
by having a high layer charge (near 1 mol of charge per 10-oxygen formula unit). 
Once the layer charge declines to a point where K can be reversibly or temporarily 
"fixed," the mineral is no longer considered a true mica, although it has been derived 
from mica. These are partially weathered micas that cannot be distinguished from 
primary micas as previously discussed. Where K-fixing minerals predominate in the 
clay-sized fraction of the soil, K fixation is often related to the clay content of the soil 
(Shaviv et al. 1985). However, K fixation has also been documented in silt-sized and 
even very fine sand-sized vermiculite and hydrobiotite (Harris et al. 1988; 
Murashkina et al. 20072, b). The effects of soil type and soil horizon on K fixation 
occur primarily because the amounts and types of 2:1 layer silicates vary among soil 
types and soil horizons. Particle size distribution and possible artifacts related to 
sample grinding are important for assessing the degree of K fixation because they 
affect the accessibility of interlayer spaces. Smaller particles generally mean easier 
access to interlayer spaces. In general, however, smaller particles mean more edge 
area per particle and therefore easier access of K to interlayer spaces where it might 
be fixed. 

The degree to which 2:1 layer silicates fix K is largely a function of layer charge 
and the distribution of that charge in the octahedral and tetrahedral sheets. Layer 
charge affects the electrostatic attraction of the layers for K* ions (Rich 1968). Other 
factors being equal, greater layer charge is often correlated with greater potential for 
fixation (Barshad 1954; Bouabid et al. 1991). Murashkina et al. (20072) speculated 
that K fixation in some soils dominated by smectite may be due to high-charge 
smectites that are transitional to vermiculite. Charge location, however, also influ- 
ences K fixation. Potassium-fixation capacity has been found to be well correlated 
with isomorphic substitution in tetrahedral sheets, but poorly correlated with iso- 
morphic substitution in octahedral sheets (Bouabid et al. 1991). This is likely 
because negative charge originating in the tetrahedral sheet is closer to K* ions in 
the interlayer space (Reid-Soukup and Ulery 2002). 

In acidic soils, the presence of hydroxy Al interlayers in vermiculite and smectite 
may affect K fixation (Saha and Inoue 1998). The hydroxy Al interlayers act as 
obstructions between 2:1 layers that restrict the collapse of the interlayer space 
around the K* ions. Blockage of the surface results in a decrease in cation exchange 
capacity and causes K to become more exchangeable and less likely to be fixed. In 
addition, hydroxy interlayers may slow the entry and exit of exchanging cations. 

Due to the impact of layer charge on K fixation, the redox state of structural Fe in 
2:1 layer silicates can also influence K fixation. The chemical reduction of structural 
Fe in both smectites and vermiculites has been shown to lead to increases in negative 
layer charge and K fixation. Furthermore, reduced Fe (i.e., Fe^*) in the tetrahedral 
sheet appears to have a greater impact on K fixation than reduced Fe in the octahedral 
sheet (Chen et al. 1987; Dong et al. 2003; Favre et al. 2006; Florence et al. 2017; 
Stucki et al. 1984, 2000). This is likely due to increased coulombic attraction 
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Fig. 7.8 The effect of solution K concentration on the rate of release of nonexchangeable K from a 
moderately weathered Luvisol derived from loess; reproduced from Hinsinger (2002) and adapted 
from Springob and Richter (1998) 


between interlayer surfaces and K* ions, facilitating interlayer dehydration and 
collapse. 

The oxidation of structural Fe?* in the octahedral sheets of micas may lead to 
interlayer expansion and K release. Conversely, the reduction of structural Fe** in 
expanded 2:1 layer silicates can lead to interlayer collapse and K fixation (Scott and 
Amonette 1988). Note that the oxidation of structural Fe in micas can either stabilize 
or destabilize interlayer K, depending on both the pH of the environment and on 
whether oxidation leads to the ejection of the Fe atoms from the octahedral sheet 
(Thompson and Ukrainczyk 2002). When the oxidation of octahedral Fe in biotite, 
for example, leads to Fe ejection, nearby hydroxyl ions tend to orient toward the 
empty octahedral site, allowing interlayer K ions to nest closer into the ditrigonal 
cavity and subsequently to be held more tenaciously (Barshad and Khishk 1970). 
Although redox-driven changes in K fixation and release might explain some 
temporal fluctuations in soil exchangeable K, more work needs to be done to further 
test the role of Fe redox processes on K fixation and release. 

Release of interlayer K is facilitated by the expansion of interlayer spaces when K 
is replaced by cations with larger hydrated radii (e.g., Ca?* and Mg?^), as illustrated 
in Fig. 7.2. Adequate soil moisture and low solution K concentrations are pre- 
requisites for the release of interlayer K during the weathering process, with the 
key role played by solution K concentration, as demonstrated in Fig. 7.8 (Springob 
and Richter 1998; Hinsinger 2002). Key considerations in assessing the potential 
contribution of released interlayer K for plant uptake are the following: (1) release of 
K potentially bioavailable to plants is limited to the effective diffusion distance 
around roots and root hairs—i.e., the zones of greatest solution K depletion 
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correspond to the rhizosphere, which typically comprises less than about 396 of the 
soil volume (Hinsinger et al. 2005); and (2) release of K is also favored by a high 
concentration of H* ions (i.e., low pH). This is explained in greater detail in Chap. 4. 


7.9 Interpreting “Exchangeable Potassium" 


While the strengths and weaknesses of specific soil test procedures are discussed in 
detail in Chap. 8, the diagnostic tests most commonly associated with the measure- 
ment of surface-adsorbed K is termed “exchangeable K.” Exchangeable K is the K 
extracted from a sample of soil via cation exchange using a solution of a specified 
composition under a specific set of conditions. The quantity of exchangeable K 
extracted from a given soil therefore varies according to the extracting solution and 
conditions used. Conditions typically involve displacement of K* by NH," ions. 
Exchangeable K is generally considered to be bioavailable to plants. 

The continuum of sorption positions in soil minerals and organic matter is 
typically distinguished by the affinity for K and the speed of the chemical reactions 
with simulated soil solutions in soil testing procedures. Accurate quantification of 
the K in the surface-adsorbed pool can be difficult, especially in soils where there are 
significant amounts of weathered mica grains or secondary phyllosilicate minerals. 
In soils where the charge is predominantly associated with organic matter or 
kaolinite, exchangeable K determinations are a quantification of surface-adsorbed 
K. In such contexts, this measure can be a reliable index of the capacity of the soil to 
supply bioavailable K to plants over an extended period (Obreza and Rhoads 1988). 

A common misconception is that K exchangeable with NH4* captures only 
surface-adsorbed K. When soils contain significant amounts of phyllosilicate min- 
erals with hydrated interlayers (e.g., smectite or vermiculite), NH4* will exchange 
not only with surface-adsorbed K but also with a variable amount of interlayer 
K. The presence of water between individual layers allows cations to diffuse in and 
out of interlayer positions, making cation exchange possible. Ammonium is espe- 
cially able to replace interlayer K in hydrated layer silicates because its size and 
hydration energy are similar to those of K. 

The rates of exchange with NH," are variable and difficult to predict, depending 
on the minerals involved, the proportions of planar, edge, wedge and interlayer 
adsorption positions, and thus the selectivity of adsorption sites for K (Mengel 1985; 
Sparks 1987; Lin 2010; Rómheld and Kirkby 2010). For example, the rate of K 
desorption from kaolinite and smectite is usually rapid (Sparks and Jardine 1984), 
while from vermiculite and micaceous minerals (i.e., illite) it tends to be much 
slower (Sparks 1987). In these situations, Carey and Metherell (2003), among 
others, hypothesized that the two-stage extraction of K by tetraphenyl boron could 
be related to the e-position, including wedge zones (rapid) and i-positions (slow). 

In most situations, the volume of soil immediately adjacent to roots is small 
compared to the entire soil volume, so there is unlikely to be a simple, quantitative 
relationship between K that is exchangeable with ammonium in a soil test procedure 
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and that acquired by plants during a growing season. However, even in experiments 
in which soil volumes are small and root density is very high, as is typically the case 
in nutrient depletion assays, not all ammonium-exchangeable K is bioavailable to 
plants. Various authors have proposed the concept of a lower accessible limit of the 
exchangeable K pool, below which plants may not be able to extract K (e.g., 
Tabatabai and Hanway 1969; Schneider et al. 2016). Termed the “plant minimal 
exchangeable K" this term could perhaps be more simply described as the “minimal 
plant-accessible K." The size of this fraction increases with increasing clay and CEC 
(measured at the pH of the soil (Schneider et al. 2016)), suggesting that as clay 
content increases the number of K-specific adsorption sites also increases. It may be 
hypothesized that this fraction of the measured exchangeable K could be a useful 
predictor of a “plant minimal solution K concentration" below which plants are 
unable to take up K. 


7.10 Mineral Transformations 


7.10.1 Reversible Changes in Interlayer Potassium 


Long-term K removal in cropping systems can result in accelerated degradation of 
micas and an increase in secondary phyllosilicate minerals such as vermiculite and 
smectite (Barré et al. 2008). Conversely, long-term fertilization with K has been 
shown to increase the apparent concentration of mica-like minerals in soils, even 
though minerals with layer charges high enough to classify as micas were not being 
formed (Scheffer et al. 1960; Ross et al. 1989; Meunier and Velde 2004; Barré et al. 
2008). Ross et al. (1989) reported such observations after only 4 years of high K 
fertilization. Indeed, changes in the proportion of collapsed interlayers in clay 
minerals of rhizosphere soil materials over the course of a single growing season 
have been reported by Barré et al. (2007b) and by Adamo et al. (2016). 

Changes consistent with these reports have been reported from both cropped and 
pasture systems. For example, a 15-year study of alfalfa (Medicago Sativa L.) 
cropping on a loess-derived soil (De-Cheng et al. 2011) showed topsoil exchange- 
able K decreased due to alfalfa forage uptake and removal, but total K in the topsoil 
increased, likely due to K uptake and translocation by the alfalfa roots from deep in 
the soil. A similar phenomenon of enrichment of illite-like clay in temperate region 
soils has been hypothesized to result from the redistribution of K from deeper soil 
horizons to the topsoil horizon through root uptake and plant residue deposition 
(Barré et al. 2007a, 2009). 


7 Considering Soil Potassium Pools with Dissimilar Plant Availability 181 
7.10.2 Implications for Building and Depleting Soil Fertility 


The fixation and release of K from interlayer positions in phyllosilicate minerals 
represent an important buffering system for plant-available reserves of soil K where 
those minerals occur. Release of K from interlayers can be particularly important 
under continuous cropping when rates of added K have been inadequate to replace K 
removed in harvested crop biomass. There is also evidence that fixation of K in these 
minerals stores K when it is added to soils at rates that exceed removal or when it is 
redistributed to surface horizons by crop residue deposition, suggesting a degree of 
resilience that can be exploited to manage soil fertility in the longer term. 

The immediate challenge to the sustainable exploitation of soil K is to develop 
simple diagnostic indicators of the likely K status of these buffered systems. 
Candidates for this approach would include assays such as those developed by 
Cassman et al. (1990) and refined by Murashkina et al. (2007a), in which the extent 
of fixation of added K fertilizer was ascertained. These assays would not only 
provide information needed to develop an effective K fertilizer application strategy 
(discussed in Chap. 12), but could also provide an indicator of the extent of K 
depletion of the interlayer buffer system. Such knowledge could allow the K buffer 
system to be exploited when K status was moderate or high, but replenished when K 
status was low to avoid irreversible degradation of these minerals. Another useful 
approach could be to develop region- or soil-specific predictions of the minimal 
plant-accessible K that are based on an easily determined parameter like clay content 
or CEC. 


7.11 Short-Term Transformations in the Rhizosphere 


The low concentration of K in soil solutions is thought to be an important driver for 
the release of K through mineral dissolution and interlayer K release. Plant roots play 
a key role in depleting soil solution K concentrations in the rhizosphere. Hinsinger 
(1998) reported that solution K concentrations can decrease by 2-3 orders of 
magnitude to as little as 2-3 uM in the vicinity of plant roots, and at these 
concentrations the release of structural and interlayer K can occur at high rates 
(Springob and Richter 1998, Fig. 7.8). However, it is also clear that this dissolution 
process is accentuated by root exudates and other rhizosphere characteristics (e.g., 
low pH). For example, plants can release conjugate bases of a variety of organic 
acids and those anions complex Al, contributing to dissolution of aluminosilicate 
framework minerals like feldspars (Chap. 4). Roots of maize (Zea mays L.) and rape 
(Brassica napus L.) can release citrate and malate (Hoffland et al. 1989; Pellet et al. 
1995), while roots of bak choi (Brassica rapa ssp.) (Wang et al. 2000) and radish 
(Raphanus raphanistrum ssp.) (Zhang et al. 1997) have been shown to release 
tartrate. These ions accelerate the dissolution process at mineral surfaces by 
complexing and solubilizing Al** from minerals. Zórb et al. (2014) suggested that 
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the generation of these exudates is driven by the soil solution K concentration and 
could be initiated when K concentrations fall to less than 10-20 uM. Plants also 
release hydronium ions, which lower the pH in the zone next to the root and 
contribute to weathering by creating local charge imbalances when they form new 
bonds with oxygen ions at mineral surfaces (Brantley 2003). Much more detailed 
coverage of these and other rhizosphere transformations is presented in Chap. 4. 


7.12 Nonexchangeable Potassium as a Functional Pool 


Nonexchangeable K is soil K that is not measured by soil tests that rely on 
exchange or displacement of K by another cation. The current lack of analytical 
techniques that can successfully differentiate between K that resides as structural K 
in feldspars; interlayer pools in micas, partially weathered micas and secondary clay 
minerals; or in neoformed K minerals in fertilized soils (pools 9-13 in Fig. 7.1) 
presents real problems for predicting the size and behavior of sources of K that are 
potentially bioavailable to plants. Collectively, these pools can make a major 
contribution to the K uptake by crops. Hinsinger (2006) estimated that this aggre- 
gation of K pools could release up to 100 kg K ha! year !, which is a significant 
proportion of plant K demand in many agricultural systems. This is substantiated by 
the K budgets in the treatments without K fertilization of long-term fertilizer trials in 
Europe (Fig. 7.6). The contributions of interlayer and structural K to crop uptake will 
obviously vary with soil type and mineralogy. For example, Moody and Bell (2006) 
demonstrated a significant contribution of nonexchangeable K (measured as the 
difference between exchangeable K and K extracted using sodium tetraphenyl 
borate) to plant uptake in some Vertisols, but effectively no contribution in others. 
Subsequent work indicated that the majority of the nonexchangeable K taken up by 
different plant species in the 15—30 soils studied was from dissolution of structural K 
rather than K release from near-edge interlayer positions. The apparent lack of 
significant release of K from near-edge interlayer positions in this study may reflect 
the highly weathered nature of the Australian soils. Nonexchangeable, but near- 
edge, interlayer K could make a significant contribution to plant uptake from less 
weathered soils in temperate regions where partially weathered micas or vermiculite 
are present (Barré et al., 2007b, 2008). 

The relative strengths and weaknesses of the main analytical methods used to 
quantify nonexchangeable K (extraction with boiling HNO; or sodium tetraphenyl 
borate) are discussed in detail in Chap. 8. However, given the inability of current 
analytical soil test methods to differentiate between these nonexchangeable K 
sources, that is, structural and near-edge interlayer K, Hinsinger (2006) has 
suggested they could be referred to collectively as “nonexchangeable K.” This 
term has merit, as it recognizes the current limitations and uncertainty surrounding 
diagnostic testing and the variability in interpretation of soil test results across soil 
types with differing mineralogy. 
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7.3 Classifying Soils According to Their Potassium 
Behavior 


Soil Taxonomy, the system of soil classification used in the United States (Soil 
Survey Staff 2014) groups soils into classes that have similar behavior, use and 
management, and productivity. The lowest level of classification is the family level, 
which emphasizes soil properties relevant to the potential use and management of 
the soil. Differentiating criteria at the family level include particle size classes, 
mineralogy classes, and cation activity classes. In the United States, Soil Taxonomy 
is the basis for soil surveys, which are made by the National Cooperative Soil 
Survey. These surveys are typically intended for general agriculture and land use 
planning and are made at scales ranging from 1:12,000 to 1:31,680. Although soil 
surveys are not intended to be used for making fertilizer recommendations, they 
could be used to group and identify soils with potential for K fixation or release. This 
would help researchers identify sites for future K fertility trials or help producers and 
consultants identify soils that need K fertility recommendations designed to com- 
pensate for K fixation or release. Currently, Soil Taxonomy does not include specific 
classification criteria for recognizing soils with potential for K fixation or release. 
However, the system could be modified by extrapolating mineralogical and 
K-fixation data for horizons at well-studied sites to other land areas. 

Effective recognition of K-fixing or K-releasing soils in Soil Taxonomy would 
require knowledge of the particle size distribution, mineralogy, and cation exchange 
capacity of multiple soil horizons, including the surface horizons that are not 
currently used in the system’s mineralogy classes at the family level. An assessment 
of the soil’s cation exchange capacity (e.g., before and after heating a K-saturated 
sample of clay fractionated from the soil, as described by Ransom et al. (1988)) 
could be combined with the properties listed above to identify soils with a significant 
potential for buffering plant-available K. Additional work would be required to see if 
a similar procedure could be used to recognize soils with a potential for K-fixation 
using other soil classification systems such as the World Reference Base for Soil 
Resources and the Australian Soil Classification System. However, neither soil 
classification system includes clay mineralogy and cation exchange capacity as 
classification criteria used to predict soil responses for use and management. 

Even without formal revisions to soil classification systems, informal, local 
models to predict the K-supply characteristics and locations of K-fixing or 
K-releasing soils could be useful. For example, O’Green et al. (2008) developed a 
method to classify the K-supply characteristics of soils in vineyards of the Lodi 
Winegrape District of California in the United States. Their approach correlated 
readily available soil survey information about parent material age, mineralogy, and 
weathering intensity with levels of exchangeable K and the K-fixation potential for 
soils in the region. While their model was specifically designed for this region or for 
wine-grape cropping systems, it is innovative and the concepts could be applied 
elsewhere. 
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7.14 Lessons Learned from Long-Term Experiments 


Exhaustive cropping currently remains the most effective way of quantifying the 
bioavailable fraction of a nonexchangeable K pool, although these results may vary 
considerably with crop species (and perhaps even genotypes) and experimental 
conditions. However, long-term experiments offer an opportunity to explore the 
importance of nonexchangeable soil K reserves, i.e., pools 9-12 in Fig. 7.1. An 
example that quantifies the long-term impact of different K inputs/balances on soil K 
content in different K pools at the end of a monitoring period is the study of Blake 
et al. (1999), with this extended to cover other long-term experiments in France, 
Germany, and Poland by Hinsinger (2002, 2006, Fig. 7.6). Others have measured the 
change in soil K stocks in different pools over a defined period between treatment 
sequences or soil sampling events, e.g., Kaminski et al. (2010) and Madaras et al. 
(2014). Still others have reported qualitative changes in secondary phyllosilicate 
minerals in response to either K fertilizer use or unbalanced K removal (Barré et al. 
2007b, 2008). Collectively, such studies have been able to demonstrate the dynamic 
nature of soil K, the importance of mineralogy on K fixation and release (the latter by 
either desorption or dissolution) and the impact of net K balance on the direction of 
K fluxes. 

Many of these studies cannot conclusively identify the pools of soil K that 
contribute to the overall K balance of the systems investigated. Some are limited 
by their soil sampling strategy, which typically focusses on the cultivated layer 
(0-25 cm) or even the upper 10 cm in minimum and zero-tillage systems. The 
sources and sinks of K may well be from deeper soil layers, especially in tropical and 
subtropical environments where soil temperatures do not limit root exploration and 
access to subsoil moisture. Nutrient stores in deeper layers are keys to productive 
agricultural systems (Bell et al. 2009), but changes in soil K in these layers are 
typically not measured (Prasad 2009). Pradier et al. (2017) have measured significant 
changes of K pools at considerable depth, down to 4 m when sampling the rhizo- 
sphere of eucalypt trees in Brazil. They observed an increase of exchangeable K in 
the rhizosphere, possibly related to weathering of K-bearing minerals, as speculated 
by these authors. Even those that have endeavored to account for changes in the 
amount of available K in different profile layers have found it difficult to precisely 
identify the K pool acting as the predominant source or sink for K. This relates to the 
limitations of existing soil test methods, discussed in Chap. 8, which are effectively 
limited to identifying changes in exchangeable and nonexchangeable K. Both mea- 
sures will access different K pools in soils with different mineralogy, making 
extrapolation to other soil types and cropping systems challenging. 
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7.15 Prognosis 


A better understanding of the allocation of K bioavailability to plants among 
different functional pools in agricultural soils will allow the development of more 
defensible and economically justifiable fertilizer recommendations. This will partic- 
ularly apply to soils where there are significant amounts of nonexchangeable K in 
either (or both of) three-dimensional framework or layer silicate minerals. The 
development of such an understanding will require the use of a combination of 
diagnostic soil K tests, including those that will provide an assessment of the likely 
availability of applied K fertilizer. While this will increase the costs of soil testing, 
the greater certainty provided around understanding the K status of the particular 
field under management will add considerable confidence to fertilizer decisions. 
Further research is clearly required on this topic, as is research on soil sampling 
protocols that allow quantification of K status in the soil layers from which the crop 
acquires significant quantities of K. 
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Chapter 8 A) 
Using Soil Tests to Evaluate Plant dim 
Availability of Potassium in Soils 


Michael J. Bell, Michael L. Thompson, and Philip W. Moody 


Abstract The purpose of this chapter is to describe how bioavailable soil K is 
assessed or predicted by soil tests. Soil testing commonly refers to the collection of a 
sample of soil representative of a field or agronomic management unit and, by way 
of extraction using chemical reagents, determination of the quantity of a nutrient that 
can be related to plant uptake or yield. Normally only a small fraction of the total 
quantity of the nutrient present in the soil is extracted during the procedure, but if 
that amount can be correlated with actual crop uptake or overall crop productivity, 
then the soil test is deemed to have useful predictive power. 

Soil tests are routinely used to guide applications of fertilizer to soil so that crop 
demand for nutrients can be met effectively and economically. Here, we summarize 
the procedures involved in collecting a representative soil sample for K analysis, 
outline how that sample should be prepared for laboratory analysis, highlight the 
principles and mode of action of routine soil tests, and explore some common issues 
that may confound the correlation between a soil K test result and plant K acquisition 
or crop yield. Soil testing methods are discussed in the context of their relationship to 
the different forms of soil K and the in-soil chemical processes that may change these 
forms into K that can be taken up by roots. 
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8.1 Sample Collection and Preparation 


Regardless of the soil analytical method used, one of the greatest challenges in 
deriving a prediction of the fertilizer requirement for a field from a soil analysis is the 
accuracy with which the soil samples reflect the fertility status of the field, and 
specifically the parts of the soil profile that are exploited by crop roots. Therefore, a 
soil sample that purports to represent the K status of the crop root zone should be 
collected from the soil layers with most intense root activity during growth stages 
when K uptake is critical. The following aspects are of particular importance for K, 
given its relative immobility in all except coarse-textured soils, and given the 
relatively low proportion of plant K that is removed at harvest in many grain and 
horticultural crops. 


8.1.1 Vertical Stratification 


Most fertilizer K, as well as that from animal dung and urine, is typically applied to 
the soil surface, or only into shallow profile layers. In addition, a substantial 
proportion of the crop K content from all except forage and sugarcane (Saccharum 
Spp.) crops is returned to the soil surface in crop residues. Tillage will redistribute 
residues and fertilizer K within the plow layer, but the increasing proportion of fields 
under minimum or zero tillage management, combined with less inversion tillage in 
conventional tillage systems, is increasing the importance of surface layer enrich- 
ment (e.g., Barré et al. 2009). Apparent stratification of surface soil K can be 
accentuated (typically) by plant K uptake from the subsoil that is not replaced in 
fertilizer programs (Kuhlmann 1990; Chap. 12), although this can be moderated in 
lighter textured soils by K leaching into the deeper profile layers (Williams et al. 
2018). Collectively, these effects typically result in net K depletion from soil layers 
immediately below the cultivated zone in tilled systems or below the depth of 
fertilizer band application in no-till systems. The most substantial K depletion occurs 
in soil profile layers with high root densities and in drier environments (especially in 
clayey soils) where those soil layers retain sufficient moisture to support an extended 
period of root activity. 

A soil sampling program should therefore ideally determine K status in multiple 
soil profile layers, with the temporal frequency of analysis of each layer determined 
by the predicted or assumed rate of net K depletion/enrichment. Few, if any, 
commercial testing programs currently implement such a structured approach, 
although the value of testing deeper soil profile layers has been demonstrated for 
both mobile and immobile nutrients (Bell et al. 2013a, b). 
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8.1.2 Spatial Heterogeneity in Response to Agronomic 
Management 


Fertilizer K is often applied in bands, especially in row-crop systems, either as a 
single nutrient or as part of a fertilizer blend (Chap. 12). Without adequate soil 
mixing through tillage, the presence of residual K in old fertilizer bands will 
potentially distort soil sample K content. This spatial heterogeneity represents a 
particular challenge for soil sampling in minimum and no till systems, where soil 
mixing during seed bed preparation is limited. 

Non-uniform distribution of crop residues across a field can also introduce spatial 
heterogeneity in soil nutrient status (Brennan et al. 2004), with effects on K more 
pronounced due to the relatively high proportion of crop K returned in residues— 
especially in grain and oilseed crops (Pluskie et al. 2018; Chap. 5). This heteroge- 
neity is accentuated by consistent placement of crop residue windrows in precision- 
controlled traffic systems and where residues are deliberately concentrated to facil- 
itate windrow burning as a means of reducing the seed bank of herbicide-resistant 
weeds. The increasing width of broadacre grain harvesters also makes uniform 
residue distribution more difficult to achieve. The result is increasing heterogeneity 
of soil K that needs to be recognized in devising an appropriate soil sampling 
strategy. 


8.1.3 Sample Drying and Handling 


Once collected, the soil sample should be prepared for analysis in a way that does not 
depart from the sample preparation method used in the soil test—crop yield (or crop 
K uptake) calibration studies on which the interpretation guidelines for the soil test 
are based. Soil samples are typically air- or oven-dried (generally at 40 °C) and then 
ground/crushed (typically «2 mm) to create a homogenous sample from which a 
portion is selected for analysis. However, the drying process can itself influence the 
results obtained from laboratory analyses, particularly estimates of bioavailable K 
(Martins et al. 2015). These effects are most pronounced in soils with mineralogy 
that supports K fixation and release (e.g., with significant amounts of illite, vermic- 
ulite, or smectite). In soils with known K fixation and release characteristics, soil 
drying can either increase, decrease, or have no appreciable impact on extractable K 
concentrations, depending on the soil's K status at sampling. 

The likelihood of an increase in extractable K upon air-drying depends primarily 
on two factors: the amount of initially extractable and soluble K in the sample and 
the degree to which the sample is dried (Scott et al. 1957; Scott and Smith 1968; 
Haby et al. 1988). In general, when soil K concentrations are low, K is released upon 
drying of the sample, probably in response to multiple mechanisms, including 
exchange of cations like Ca?* and H4O* that increase in solution concentration as 
water evaporates, as well as "scrolling" of the weathered edges of clay sheets 
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(McLean and Watson 1985). However, when the initial concentrations of surface- 
adsorbed and soluble K are high, those concentrations will increase even further as 
water evaporates, and in response, K ions are more likely to move into wedge and 
interlayer positions of 2:1 minerals, leading to contraction of some interlayer spaces. 
Both release and fixation of K ions are therefore likely to occur simultaneously 
during drying of such samples, but the mechanisms that favor release will dominate 
in low-K samples and vice versa in high K samples. The “crossover point,” that is, 
the initial K status at which the ammonium-extractable K in moist samples is similar 
to that in dry samples, varies for each soil, most likely dependent on clay concen- 
tration, organic matter concentration, and soil pH. 

Potassium fertilizer recommendations are most often developed using correla- 
tions between crop response and K extracted from air-dried samples with a uniform 
and low moisture content. However, some studies of soils with abundant 2:1 layer 
silicates have shown better correlations between soil K extractions from field-moist 
soil samples and crop responses to K fertilizer (Hanway et al. 1961, 1962; 
Barbagelata and Mallarino 2013). Adoption of an approach that uses field-moist 
samples may increase temporal variability in soil test results due to variation in 
moisture content, as well as requiring new approaches to homogenizing samples 
collected from soils with poor soil structure or high clay contents. However, if the 
improvement in prediction of bioavailable K status and crop fertilizer responsiveness 
is sufficient, such an approach will be warranted. 

In soils where the mineralogy does not promote K fixation and release, effects of 
soil drying on extractable K are less important, and normal sample drying can be 
conducted without affecting the quantum of extractable K. While there are fewer 
studies of drying effects on extractable K in such soils, a recent investigation 
(Williams et al. 2017) found that soil drying method had no impact on the ability 
of Mehlich-3 soil extractions to predict responsiveness of soybeans to K in coarse- 
textured, sandy soils. Therefore, a knowledge of soil mineralogy and/or the presence 
of K fixation and release properties is necessary to develop soil drying protocols that 
do not interfere with the determination of bioavailable soil K status and that might 
confound the development of fertilizer recommendations. 


8.2 What Are the Forms of Potassium in Soil? 


Here we summarize the forms of K that are identified in the soil K cycle diagram 
(Fig. 1.1 in Chap. 1; Fig. 7.1 in Chap. 7). Potassium occurs in several pools, which 
are indicated by boxes in the diagram. The key constituents of each soil K pool, and 
the process by which K* ions move from one pool to another, are discussed in detail 
in Chaps. 1 and 7. Importantly, from the perspective of plant K uptake, it is the K 
ions in the soil solution that are most critical, since only that K can move to and into a 
root. While the application of fertilizer or contributions from plant residues can 
directly replenish soil solution K, several different solid-phase pools can also supply 
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the ion to the liquid phase by means of a variety of physical, chemical, or biological 
processes. 

Overall, in considering the development of soil tests to determine the plant- 
available K status of a soil, K ions associated with minerals may be classified in 
four possible locations that are referenced in the K cycle diagram (Fig. 1.1 in 
Chap. 1). These are adsorbed on the exterior surfaces of negatively charged clay 
particles (Pool 9), in interlayer positions of clay-size illite, vermiculite, or smectite 
(Pool 10), deeply embedded in interlayer positions of mica particles (Pool 11), or 
embedded in the structure of feldspar crystals (Pool 12). 

The main source of solution K replenishment from solid-phase pools is desorp- 
tion of the ion from mineral surfaces and some clay interlayers. Pools 9 and 10 can 
supply K to the soil solution and therefore to plants, although the mechanisms and 
rate of movement from solid phase to solution phase vary. The degree to which K 
ions enter the soil solution from these sources depends on several factors: the 
concentration of K* in the solution, competition from other cations in the solution, 
the amount and location of negative charge in the mineral crystals, the activity of 
hydronium ions at the crystal surfaces, the water content of the soil, the redox 
potential of the soil, the abundance of hydroxy-Al polymers in interlayer positions, 
and the activity of low-molecular-mass organic anions that can complex Al and 
therefore degrade mineral surfaces. Electrostatically adsorbed K ions on exterior 
surfaces (Pool 9) are readily susceptible to exchange with other cations in the soil 
solution or to displacement by high concentrations of other cations in soil tests. 

Potassium ions that occur in the interior of silt- and sand-size particles as 
structural components of primary micas and feldspars (Pools 11 and 12), on the 
other hand, are not very accessible to the soil solution and therefore are assumed to 
contribute to plant-available K supplies very slowly. The rate of contribution may be 
increased when Pools 9 and 10 are locally depleted by plant uptake or leaching or 
when hydrolysis and complexation reactions accelerate weathering of the primary 
minerals, but the rates of release generally remain insufficient to support crop 
production without fertilizer K amendments. 


8.3 How Is Potassium Released from Different Solid-Phase 
Forms? 


8.3.1 Potassium in Fertilizer and Crop Residues 


Potassium ions must be in the soil solution before they can be taken up by plant roots 
in the transpiration stream. In an agricultural context, most inorganic K fertilizers are 
water soluble, so fertilizer K does not usually persist in solid granules in the soil for 
long after its application. As long as the soil is moist (i.e., soil moisture content is 
greater than that at permanent wilting point), there will be a rapid increase in soil 
solution K in response to fertilizer application. 
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In plant cells, K occurs in both the cytoplasm and in the liquid in the vacuole. As 
invertebrates and microbial enzymes attack the cells of crop residues, the cells’ 
primary membranes and tonoplasts are broken, and cell fluids merge with the soil 
solution. Cell walls and membranes of crop residues are also disrupted by drying or 
burning, allowing K ions to rapidly enter the soil solution. 


8.3.2 Surface-Adsorbed (Exchangeable) Potassium 


Electrostatically adsorbed K ions may be released from mineral surfaces or organic 
components of a soil in response to low K concentrations in the soil solution. The 
degree to which this happens depends on the concentrations of K and other ions in 
the soil solution as well as the quantity of K that is adsorbed on mineral and organic 
matter surfaces. Ions that are electrostatically adsorbed on exchangers like minerals 
and organic matter are not bound tightly to specific sites, but they are in equilibrium 
with ions in the liquid phase. This can be illustrated in the symbolic exchange 
reaction below, where X = one mole of negative charge associated with the 
exchanger (mineral surface or organic matter). Ca** is chosen as a model divalent 
cation because it is usually more abundant in the soil than other cations, but here it 
stands in for other “exchangeable” cations like Mg” or Na’. 


KX + 0.5Ca*t2Cagtx + Kt 


The equilibrium constant for this reaction is a selectivity coefficient, K,, that 
expresses the preference for the exchanger to host Ca** over K* ions. The brackets 
indicate molar concentrations of ions in the solution, and the exchange-phase ion 
concentrations are moles of the ions per unit mass of the solid-phase. 


Ceux  [K 
|». KX [Euer 


K, (8.1) 


The first term on the right side of Eq. (8.1) is a ratio of charges associated with 
Ca^* to the charges associated with K at the surface. The second term is a ratio of the 
concentration of K* in solution to the square root of the concentration of Ca** ions in 
the solution. In general, the larger the value of K, is for a given soil or particular 
mineral, the greater is that material's preference for Ca over K. Selectivity is a 
function of the positive charge and the radius of each of the cations as well as the 
amount of negative charge and its location in the mineral. 

When the exchange reaction is at equilibrium, there is still movement of ions 
between the exchanger and the solution, but the rate of the forward reaction is equal 
to the rate of the backward reaction. The value of K, is relatively constant 
(at constant temperature and ionic strength), so the product of the ratios of charges 
in solution and charges near the solid surface, as shown in the equation, is also 
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constant. Therefore, if the concentration ratio of K* to other exchangeable ions (like 
Ca**) in the solution changes, the ratio of those charges on the exchanger’s surface 
must also change. 

This means that when the concentration of K* in the liquid phase drops below the 
concentration at equilibrium because of root uptake or leaching (i.e., the numerator 
of the solution term in Eq. (8.1) declines), release of surface-adsorbed K* to the 
solution (the left -to- right reaction) will begin and continue until equilibrium is 
re-established. Also, if the free Ca?* concentration in the solution near a mineral 
surface increases, K* will be displaced as the reaction shifts to the right. Such 
displacement by Ca** is likely to occur, for example, as transpiration-induced 
mass flow of solution from the soil matrix moves into the rhizosphere and past the 
mineral edges and surfaces where K is adsorbed. Similarly, if the free Ca** concen- 
tration in the solution local to a mineral surface decreases—say, by complexation of 
Ca?^* with organic anions (e.g., oxalate or citrate), by leaching, by precipitation of 
insoluble apatites (calcium phosphates) as a result of ammonium-based phosphate 
fertilizer addition, or by preferential uptake of Ca** by a root—then the backward 
reaction will be favored, and K* will be more likely to move back from the solution 
phase to the exchange phase until equilibrium is again reached. 


8.3.3 Chemical Weathering 


Potassium-bearing minerals are transformed by both physical and chemical 
weathering. Here we focus on chemical weathering by describing some molecular- 
scale chemical reactions that are responsible for the release of K from structural 
positions in feldspar and mica crystals. Hydronium ions are released from roots into 
the rhizosphere to maintain electrochemical balance of charges when roots absorb 
cations (e.g., Ca”, Mg", and NH,°) via the transpiration stream. Another source of 
hydronium ions is carbonic acid that forms when root-respired CO, enters the soil 
solution [CO2(g) + H2O — H5CO; + H50 — H30* + HCO; ]. Hydronium ions 
(H30*) in the soil solution may play two kinds of roles in the weathering of mineral 
surfaces. First, they can be attracted to oxygen anions in =Al-O-Si = bonds near 
crystal edges (where = represents bonds to adjacent O” ions). When the bridging O 
accepts a proton from H3O^, the Al-O bond at that location is weakened to the point 
of breaking, leaving =Si-OH. The remaining H2O molecule bonds with =AI to form 
=AI-OH,". As AI-O-Si bonds are broken in such hydrolysis reactions, gaps in the 
crystal open, and there is greater opportunity for structural K* ions near crystal edges 
to escape to the solution. Second, as crystal edges begin to break up and deteriorate, 
H30* may also exchange for K” ions in the structure, further accelerating the release 
of K*. 

Dissolution of aluminosilicate minerals is also promoted by the complexation of 
Al** ions in solution by soluble organic anions such as oxalate and citrate. Low- 
molecular-mass organic anions are commonly exuded from roots or released during 
decomposition of crop residues and soil organic matter. At mildly acid to neutral soil 
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solution pH values (pH 5-7), each organic anion often has two or more negative 
charges, and the product of the reaction with Al may be a very stable, soluble 
complex (e.g., the complex of AI with oxalate: [C20 (AP*)*)). This reaction 
effectively limits re-precipitation of Al** ions at the mineral surface and thus pre- 
vents the degraded surface from being sealed with a poorly crystalline gel, thus 
allowing more opportunities for K* ions to escape to the solution phase. 

A third potential mechanism of chemical weathering is the oxidation of Fe atoms 
in crystals of K-bearing minerals that contain Fe, such as biotite. Oxidation from Fe** 
to Fe**occurs when the redox potential of the solution around the crystal is high, 
such as in well-drained soils where O, from the atmosphere or H2O, derived from 
rainfall are dissolved in the solution. Oxidation of Fe means that the positive charge 
on the Fe atom increases, so the net negative charge near that location in the crystal 
decreases, making nearby K* ions more susceptible to exchange reactions with other 
cations. Eventually, the charge imbalance caused by oxidation can result in expul- 
sion of Fe ions from the crystal, further weakening the structure and allowing even 
more K to move to the solution phase. 


8.4 How Do Soil Tests Assess Plant-Available Potassium? 


8.4.1  Soil-Test Development 


The goal of any soil fertility test is to provide crop producers with a rapid, inexpen- 
sive, reproducible value that can be used to predict the need for, or outcome of, soil 
amendments or other management actions. Soil K test values are intended to provide 
guidance for whether application of K fertilizer would be beneficial in a typical 
growing season and, if so, by how much. For example, most soil tests for K assume 
that readily plant-available K ions in a soil sample are adsorbed to minerals and 
organic matter by electrostatic forces, and they can therefore be readily displaced by 
a high solution concentration of another cation, such as ammonium. Therefore, 
several soil-test procedures involve mixing or leaching a soil sample with a solution 
with a high concentration of an ammonium salt and measuring the amount of K that 
is moved to the liquid phase as a result. The displacement process is fast, the salt is 
inexpensive, and when all experimental parameters are standardized, the procedure 
itself is reproducible. Such displacement reactions are extreme examples of chemical 
exchange reactions. Several decades of international research efforts have focused 
on methods to relate concentrations of this “exchangeable” soil K to crop demand, 
crop uptake, and crop yield. Sometimes this form of K is called “plant-available,” 
although the correlation between, say, ammonium-displaceable K and K taken up by 
plants is an indirect inference. 

However, exchangeable soil K tests are not always highly correlated with plant 
response. In some soils, soil-test K values may suggest the need for fertilizer K, but 
when it is not applied, the crop is still able to remove enough K from the soil to 
produce a respectable (but possibly sub-optimal) yield. The sources of K in such 
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Fig. 8.1 Relationship between exchangeable K (by ammonium displacement) [cmol(+) kg !] in 
the top 10 cm of the soil profile and relative grain or fiber yield for different crops grown over a 
sequence of crop seasons on an Oxisol soil in northeastern Australia 


soils may include hydroxy-interlayered vermiculite, biotite, or feldspars. Further- 
more, most soil K test extractions do not provide information about the rate of K 
release from the soil during the growing season, and it is often the rate of release that 
determines whether a crop response to fertilizer will occur. 

Over the time frame of a single season, correlations between exchangeable K and 
crop K uptake or grain yield can be used to identify a "critical" soil-test K value 
(or range) that indicates K sufficiency for different crops; for example, cotton has a 
higher critical value for exchangeable K (by ammonium displacement) than other 
species (Fig. 8.1). 

However, when adequate K needs to be supplied over longer time periods (such 
as occurs with repeated biomass removal in forage cropping, or perennials, or high 
biomass-high K demand crops such as sugarcane), there are many soils from which 
plants are able to extract more than the initially exchangeable K pool. For example, 
Fig. 8.2 illustrates that K removal by crops may average almost 16096 of the 
measured change in exchangeable K (by ammonium displacement). In this situation, 
pools 9, 10, and/or 11 (depending on soil mineralogy) are buffering soil solution K 
(and thereby, exchangeable K). The change in K extracted by tetraphenyl borate 
(TPB) (TB-K1h—described later) was a better indicator of the cumulative K 
removal in biomass than the change in exchangeable K (by ammonium displace- 
ment) (Fig. 8.2). 

Plant K uptake over an even longer period can be derived from multiple K pools 
in the soil. For example, a study of empirically defined K pools of an Oxisol in 
northeastern Australia shows that change in the soil profile exchangeable K 
(by ammonium displacement) to a depth of 90 cm only accounted for 41% of the 
K removed from the total K pool over four decades (Fig. 8.3). It is apparent that over 
this extended uptake period, soil solution K was buffered not only by exchangeable 
K but also by K pools that are reflected by the TB-K 1 h. extraction, the boiling 1 M 
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Fig. 8.2 The change in (a) exchangeable K (by ammonium displacement) and (b) tetraphenyl 
borate-extractable K (1 h) in response to plant K removal resulting from growing sequential maize 
(Zea mays) and cotton (Gossypium spp.) (or vice versa) crops, or a sequence of forage harvests 
(exhaustion pot trial) on neutral to alkaline medium-heavy clay soils in Australia 


nitric acid extraction (described later), and the residual K fraction not extracted by 
any of the other extractants (Fig. 8.3). 

The availability of K to plants is therefore determined by: (1) the quantities of K 
present in the different soil pools depicted in Fig. 1.1 (Chap. 1); (2) the rate of 
replenishment of soil solution K from those pools as K is removed by plant uptake or 
other processes; and (3) the period over which crop K uptake is measured. It is 
apparent that soil K tests reflecting one or more of these K supply factors will be 
required to predict the bioavailable K status in different cropping systems. The most 
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useful predictive test(s) will be the one(s) best correlated with the factor(s) governing 
K availability in any particular soil and growing season. 

Accordingly, commonly used soil K tests have been grouped together in 
Table 8.1 on the basis of the processes that occur during the extraction: (1) equili- 
brated solution; (2) cation exchange; (3) acid dissolution; (4) multiple mechanisms, 
including complexation; and (5) rate of solution K replenishment. In addition, for a 
chemical extractant to be attractive for routine commercial application, it is advan- 
tageous if other nutrients (e.g., Ca, Mg, or P) can also be extracted by the same test 
and similarly correlated with plant uptake. Depending on the processes occurring 
during the extraction, the soil-extractant ratio, the extraction time and the extraction 
pH, inferences can be drawn about which K pools are likely to be contributing to the 
quantum of extracted K. 

To organize the following discussion of soil tests to assess plant-available K, we 
have listed the extractions by numbers in Table 8.1, and we refer to those numbers in 
the narrative. 


6.4.2 Soil Tests for Assessing Soil Solution Potassium 


One soil K test intended to reflect K concentrations similar to those that roots might 
encounter in the soil solution is an extraction with 0.01 M CaCl, (Houba et al. 2000; 
extraction [1] in Table 8.1). The concentration of the salt simulates a typical ionic 
strength of soil solution, although the ionic strength of 0.06 M is higher than that 
often observed in highly weathered soils (0.005 M, Gillman and Bell 1978). The 
Ca” ions in the extractant are expected to partially displace electrostatically bound 
K*, NH4*, Mg”*, and Na’ ions, and the Cl” ions are expected to partially displace 
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weakly held phosphate species, SO4?^, and NO37 ions. Other nutrients and con- 
taminants may also be determined in the extract. Because the soil-solution ratio and 
the physical disruption caused by shaking the soil sample with the extractant do not 
simulate normal soil conditions, the extracted nutrient concentrations must be 
understood as indices of nutrient concentrations one might expect in a soil solution, 
not absolute values. 

A number of studies have shown that the CaCl, extraction solubilizes less K than 
the ammonium acetate, Mehlich 3, or ammonium lactate extractions (e.g., Simonis 
and Setatou 1996; Baier and Baierova 1998; Zbíral and Némec 2005; Woods et al. 
2005; Salomon 1998). The differences in the extraction results are probably due to 
the relatively low concentration of Ca in the CaCl, extractant as well as to the lower 
hydration energy of ammonium, which allows it to penetrate clay interlayer spaces 
more effectively than Ca. While there is typically a strong correlation between 
CaCL-extracted and ammonium-extracted K, generally, 0.01 M CaCl, extracts 
only 30-80% of the K removed by the more aggressive extractions. The amount 
of K solubilized increases at lower clay concentrations, suggesting that the efficiency 
of Ca^* to exchange with K* declines when more clay is present (i.e., when the 
cation exchange capacity is higher or when clay microaggregates are less likely to be 
rapidly dispersed). 

Haney et al. (2010) proposed a multi-element extraction, called H3A ([2] in 
Table 8.1), intended to simulate the solution in the rhizosphere by a suite of dilute 
organic bases like those that might be exuded by roots, including citrate, oxalate, and 
malate. The only cation present in this extractant is Li*, and it is present at a low 
concentration. Comparisons of nutrient concentrations released by the H3A 
extractant with those of other, more aggressive extractions have been few, and we 
are not aware of calibration studies relating solubilized nutrient concentrations with 
crop growth or yield. In a comparison of K extracted by the H3A extractant with K 
extracted by ammonium acetate, H3A solubilized only about one-third of the 
ammonium-extractable K in 60 soil samples from the continental United States 
(Haney et al. 2010). The H3A extraction has recently been modified by removing 
Li citrate from the reagents in the extraction solution (Haney et al. 2017). 

The assumption behind both the CaCl, and H3A extractions is that extractants 
similar to the soil solution will provide more accurate knowledge of the instanta- 
neous bioavailability of soil nutrients. While the extracted concentrations of K may 
be correlated with those of other extractants, significant advantages of the CaCl, and 
H3A extractants over ammonium-based procedures for predicting seasonal K needs 
for a crop have yet to be demonstrated. 


6.4.3 Soil Tests for Assessing Surface-Adsorbed Potassium 


The ammonium ion, NH,", has similar size, charge, and hydration energy to the K* 
ion. For this reason, ammonium has been preferred as the cation most likely to 
replace K that is surface-adsorbed or located in readily accessible interlayer positions 
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of soil minerals. Several soil-test extractions have been developed for this purpose. 
These include extractants with high concentrations (71 M) of ammonium acetate 
(e.g., [3], [4] in Table 8.1), ammonium chloride ([5] in Table 8.1), and ammonium 
bicarbonate ([6] in Table 8.1) (Burt and Soil Survey Staff 2014; Wolf and Beegle 
2011; Soltanpour and Schwab 1977). The 1 M ammonium acetate and ammonium 
chloride extractions also promote displacement of other exchangeable cations such 
as Ca”, Mg”, and Na*. The ammonium lactate extraction [7] employs ammonium 
at a lower concentration (0.1 M) than the previously mentioned extractions. 

In high pH, calcareous soils, exchangeable Ca and Mg do not limit crop nutrition, 
and the ammonium bicarbonate extraction (AB-DTPA) focuses not only on extrac- 
tion of bioavailable K*, but also on phosphate ions (presumably by exchange of 
HCO, with HPO,” ). DTPA is added to the AB-DTPA extractant to complex 
micronutrient trace metals (Zn, Fe, Mn, and Cu). The modified Morgan extraction 
([4] in Table 8.1) has an even higher concentration of ammonium (1.87 M) and is 
used to extract K, Ca, Mg, P, Cu, Mn, and Zn. 

Cations other than ammonium may be used to displace K* from exchange sites; 
these include Na* (e.g., Colwell extraction, [8], in Table 8.1 and the original Morgan 
extraction, [9], in Table 8.1), cy (CALS extraction: [10] in Table 8.1), and Ba?* 
(the BaCl, extraction, [11], in Table 8.1). In soils where all exchange sites are 
equally accessible, these ions are expected to displace surface-adsorbed K* effec- 
tively, especially when employed at high concentrations compared to the concen- 
tration of extractable K in the soil sample. However, the larger hydrated radius and 
hydration energy of Na make its entry into interlayer spaces difficult, so it is much 
less likely to displace K* ions in those locations. Similarly, the much higher energies 
of hydration of Ca** and Ba?* ions mean that the hydration spheres of these divalent 
cations are also stable enough to prevent entry into interlayer spaces, even though the 
ions are competitive with K at external mineral surfaces. Primarily for this reason, 
ammonium-based extractants are preferred to assess bioavailable K in soils where 
2:1 layer silicates are present and interlayer K is likely to occur. 

Extractants that exchange ammonium or other cations for K are also distinguished 
from one another by the pH of the extraction. Maintaining a constant, buffered pH 
during the extraction period (7.0 for 1 M ammonium acetate, 7.6 for AB-DTPA, 4.8 
for the modified Morgan extractant, 8.5 for the Colwell extractant), while not 
expected to affect significantly the amount of K extracted, may affect the extract- 
ability of other nutrients. The pH of the modified Morgan extraction (pH 4.8) was 
chosen to simulate the pH of the soil solution in equilibrium with high concentra- 
tions of CO; (g) and organic base anions, as the solution adjacent to a root hair may 
be during active root respiration. For acidic soils that are not highly weathered, pH 
~7 is a common target for optimizing plant growth; thus 1 M ammonium acetate at 
pH 7 may better represent K ions that would be bioavailable if the field soil pH were 
adjusted by adding lime. In the AB-DTPA extraction, pH is maintained high enough 
that calcite (calcium carbonate) will not be dissolved during the extraction. The pH 
of the ammonium acetate extraction may also be adjusted (e.g., to 8.5) to minimize 
dissolution of calcite in calcareous soils. 
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8.4.4 Soil Tests for Dissolving Interlayer/Structural 
Potassium 


Some soil K tests have been developed to simulate the chemical processes that lead 
to K release from pools other than exchange sites. For example, the Mehlich-1 
extraction ([12] in Table 8.1) creates a low-pH environment so that nutrients (base 
cations, P, and micronutrients) will be solubilized by hydronium exchange or by 
hydrolysis reactions. The Mehlich-1 extract relies on 0.05 M HCI and 0.025 M 
H,SO, to provide an excess of hydronium ions to partially dissolve nutrient-bearing 
minerals as well as to displace electrostatically adsorbed base cations and to compete 
with complexed micronutrient metals at variable-charge sites. 

The strong acid extraction described by McLean and Watson (1985) [13] com- 
prises boiling a soil sample in 1 M nitric acid for 25 min, amplifying the intensity of 
the hydrolysis reaction to dissolve K-bearing silicates. “Non-exchangeable” K is 
estimated by the difference between the acid-soluble K and ammonium-displaceable 
K (1 M NH,' acetate, pH 7). While the results of this extraction have been correlated 
with plant uptake of K in some studies, at least a portion of the K released is likely to 
derive from interlayers of primary micas and the interiors of feldspar crystals—i.e., 
K that would not be very available to plants in a single growing season. 


8.4.5 Soil Tests that Combine Multiple Mechanisms 
of Potassium Dissolution 


Several multi-element soil extractants have been developed that employ ammonium 
salts in concentrations lower than those of the preceding extractions, but they also 
include reagents that promote mechanisms other than cation exchange for solubiliz- 
ing K. For example, the concentration of NH4* ions in the Mehlich-3 extractant 
([14] in Table 8.1) is 0.265 M. In the Kelowna extractant with EDTA ([15] in 
Table 8.1) and the modified Kelowna extractant at pH 4.9 ([16] in Table 8.1), it is 
0.015 M and 0.265 M, respectively. In the Lancaster extractant ([17] in Table 8.1), 
the concentration of NH," ions is 0.032 M. Typically, K extracted by these methods 
is compared with the 1 M ammonium acetate extraction for effectiveness. By using 
the Kelowna extraction (with EDTA or DTPA), van Lierop and Gough (1989) 
reported that ~20% less K was solubilized, on average, in 100 Canadian soils than 
by using the 1 M ammonium acetate extraction. However, in a subsequent modifi- 
cation of the Kelowna extractant, increasing the ammonium ion concentration to 
0.265 M increased extractable K by ~30% (i.e., similar to the ammonium acetate 
extraction for soils with extractable K < 450 mg kg!) and significantly improved 
the relationship between extractable K and K uptake by canola (Qian et al. 1994). 
In the Mehlich 3, Kelowna (both versions), and Lancaster extractions, all or a 
portion of the ammonium added to the extractant is in the form of NH4F. The 
fluoride ion is added primarily because it forms strong complexes with AP*, helping 
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to dissolve Al oxyhydroxides and release adsorbed orthophosphate ions. Mehlich 
(1984) reported that 6-8% more K was extracted by Mehlich 3 than by 1 M 
ammonium acetate in a suite of 105 soils from the southern and eastern United 
States. It may be speculated that the added F can also contribute to dissolution of Al 
from hydroxy-interlayered vermiculite, thereby facilitating NH4* — K* exchange. 
This complexation reaction may be compared with weathering of micas in the 
presence of organic compounds. Low-molecular-mass organic anions (e.g., oxalate, 
malate, and citrate) may complex AP, limit re-precipitation of Al** ions at mineral 
surfaces, and therefore promote K exchangeability. 


6.4.6 Soil Tests for Assessing the Rate of Solution Potassium 
Replenishment 


By varying the extraction time, soil K tests that provide a sink for K released into the 
soil solution can be used to assess the rate of solution K replenishment in response to 
depletion by plant uptake or other processes. The mixed bed cation-anion exchange 
resin method ([18] in Table 8.1) was designed to simulate plant uptake of nutrients 
by providing a strong sink for both cations and anions. The sink creates a strong 
disequilibrium that favors nutrient release from the soil sample. In the case of K, one 
cation exchange resin that has been used is a Na-saturated sulfonated polystyrene 
that strongly adsorbs cations. The K extracted by this method from Oxisols, Ultisols, 
and Alfisols with low cation exchange capacity (CEC) in Brazil was very similar to 
K extracted by 1 M ammonium acetate and 0.025 M H5SO, (van Raij et al. 1986). 
The method has been successfully adapted for routine processing of large numbers 
of soil samples in a single, overnight extraction period. 

The tetraphenyl borate extraction method ([19] in Table 8.1) was developed by 
Cox et al. (1996, 1999) on the basis of work by Scott and colleagues (e.g., Scott and 
Reed 1962) and exploits the strong complexing power of tetraphenyl borate for 
alkali metals. Short reaction times have been correlated with release of K from 
vermiculite interlayers, but the longer the reaction is allowed to proceed, the more K 
can be pulled from primary minerals, too. 

Variations of both the resin method and the tetraphenyl borate method could be 
used to characterize the rate of release of K into solution from the various soil pools. 
In a glasshouse experiment, Moody and Bell (2006) found that the absolute changes 
in TB-K (1 h) in 37 soils of diverse chemistry were more highly correlated with 
exhaustive cumulative crop K uptake than changes in TB-K (15 min), with regres- 
sion slopes of 0.99 (+0.04) and 1.12 (+0.07), respectively. These results demon- 
strate that the rate of replenishment of solution K is important to K bioavailability, 
but this effect is unlikely to be captured by a single extraction. Multiple temporal 
assays to measure the rate of K release are probably not feasible in a commercial 
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laboratory setting, and the resin or TPB approaches will likely remain as research 
tools to better understand the interactions among the various K pools. 


8.5 Difficulties Relating Soil Test Potassium to Crop 
Acquisition 


A number of the processes already discussed in this chapter will clearly affect the 
usefulness with which a soil test can predict crop K acquisition. These include the 
applicability of the soil K test extraction method to estimate the K pools that 
contribute to plant uptake, the period for which K availability is being predicted 
(single crop, multiple harvests, multiple growing seasons), and the intensity of K 
demand during the growth period. 

However, as illustrated in Fig. 8.4, even the same crop species and cultivar 
growing on two contrasting soil types within the same crop region in northeast 
Australia exhibited very different responses to increasing soil test K, despite similar 
maximum yields and crop K demand. The soils in Fig. 8.4 (an Oxisol with a CEC of 
10 cmol(+)/kg and a Vertisol with a CEC of 60 cmol(+)/kg) both supplied K from the 
exchangeable K pool. However, as exchangeable K increased in response to K 
fertilizer addition, grain sorghum growing in the Oxisol was able to accumulate K 
much more efficiently, and to a greater extent, than grain sorghum growing in the 
Vertisol. Despite the choice of soil test methods appropriate for assessing soil K 
pools that can meet crop K demand and sampling depths that reflect crop root 
activity under those environmental conditions, these different patterns of crop K 
acquisition demonstrate the impact of other factors that should be considered when 
interpreting a soil test K result. These are discussed briefly below. 
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8.5.1 Rates of Resupply to Potassium-Depleted Zones Around 
Active Roots 


The replenishment of soil solution K in response to depletion by plant root uptake is 
dependent on: (1) the solution K concentration in undepleted soil; (2) mass flow of 
that soil solution to the root in response to crop water extraction; and (3) diffusion of 
K along a concentration gradient between the depleted rhizosphere soil solution and 
that of the surrounding undepleted soil (see Chap. 7).The contrasting relationships 
between exchangeable K and K acquisition by sorghum (Fig. 8.4) illustrate the effect 
of soil properties on aspects relating to both (1) and (3). The much higher CEC in the 
Vertisol results in lower soil solution K concentrations in undepleted soil (e.g., Bell 
et al. 2009), which by itself can limit K supply to the root (Barber 1995). However, 
this soil characteristic will also limit the K concentration gradient that can develop 
between the depleted rhizosphere and the undepleted soil solution. In addition, 
physical impediments related to poor soil structure and porosity affect the tortuosity 
of the diffusion path that K ions must traverse to reach the depleted rhizosphere, and 
they can therefore influence the rate of rhizosphere replenishment (e.g. Barber 1995; 
Dodd et al. 2013). Solution K in the Oxisol, which is porous and strongly structured, 
has a much less tortuous diffusion path than in the Vertisol and therefore allows 
more rapid rates of K diffusion into the rhizosphere. Collectively, these soil charac- 
teristics contribute to the more rapid plant uptake of K in the Oxisol in response to 
incremental increases in exchangeable K that are presented in Fig. 8.4. From the 
perspective of soil test interpretation and K fertilizer recommendations, lighter 
textured soils that have low K buffer capacities (i.e., limited ability to hold K in 
pools other than the soil solution) and can support high K diffusion rates are likely to 
have lower critical soil test K concentrations (e.g., Brennan and Bell 2013) and will 
respond to lower rates of applied K (e.g., Bell et al. 2009). 


8.5.2 Root System Architectures and Their Interaction 
with Soil Moisture 


This topic is covered in depth in Chaps. 4 and 12, respectively, from the perspective 
of the relative advantage of different root morphologies in systems with contrasting 
seasonal moisture availability and profile K distributions. These characteristics 
interact with the efficacy of different K fertilizer application strategies. They are 
especially relevant in the consideration of the depths from which soil samples are to 
be collected, as these need to reflect the root characteristics of the target species for 
which K availability or fertilizer requirement is being predicted. The data presented 
in Fig. 8.1 provide a good example of the relative disadvantage of the coarse root 
system of cotton in being able to efficiently acquire K from a soil profile in which K 
is strongly stratified, in comparison to root systems of other crop species grown in 
the same soil and seasonal conditions. Other examples of the impact of root 
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morphology on K acquisition include the report by Witter and Johansson (2001) that 
illustrated the advantage of deeply rooted forage species such as lucerne/alfalfa 
(Medicago sativa) and chicory (Cichorium intybus) in acquiring K from subsoil 
layers. 

The interaction of root morphological characteristics with seasonal moisture 
availability is a further complication in choosing the depth of soil sampling, the 
critical soil test concentration used to determine adequacy of soil K status, and any 
subsequent fertilizer placement strategy. Soil layers that are periodically dry during 
the growing season are less likely to contribute a substantial proportion of plant K 
uptake. Therefore, cropping systems where seasonal variation in rainfall amount and 
distribution alter the reliance on topsoil and subsoil K reserves provide additional 
challenges to predicting K availability from soil test results. 


6.5.3 Variation in Root System Attributes that Allow Plants 
to Exploit Different Potassium Pools 


Chapter 4 focuses on the foraging strategies that plants use to increase the volume of 
the rhizosphere from which they acquire K, and provides a more detailed coverage of 
this topic. Briefly, there are many examples where more aggressive depletion of the 
rhizosphere K by plant root systems [e.g., by ryegrass (Lolium) (Barré et al. 2007, 
2008)], an ability to more extensively lower rhizosphere pH (Hinsinger et al. 1993), 
or an ability to release exudates that promote the dissolution of K-bearing silicates 
(Song and Huang 1988) can provide plant species or genotypes with greater access 
to less readily available K pools. These characteristics could potentially affect the 
choice of diagnostic soil test if the differences are large enough. However, it is more 
likely that they would simply reduce the precision with which a particular soil test 
could identify a critical soil concentration above which fertilizer responses would be 
less probable. Given the move toward diversity in crop rotations and the speed with 
which new cultivars are introduced into agricultural systems, the ability to precisely 
define soil test-crop response relationships for a single crop species is likely to 
remain challenging. 


6.5.4 Specificity of Soil Test Potassium-Crop Response 
Relationships and the Role of Trial Databases 


There are clearly many challenges that will constrain our ability to develop robust 
soil test-crop response relationships that can cope with spatial variability in soil 
types, seasonal variability in access to different soil profile layers, and different 
genotypes and species in a crop rotation. These challenges have contributed to the 
commonly reported site-specific nature of soil test-crop response relationships for K 
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(e.g., Brouder et al. 2015). While greater process-level understanding may help 
explain the reasons for variation in soil test-crop response relationships, the rate of 
knowledge gain is unlikely to be able to keep up with the rate of management- 
induced changes in profile K status and distribution, or the changes in cultivars being 
delivered from breeding programs. 

One approach to increasing the rate of accumulation of soil test-crop response 
data is the development of searchable databases that allow aggregation of available 
data at an appropriate scale (e.g., regionally or on the basis of soil type). An example 
of this has been the Better Fertilizer Decisions for Cropping database and database 
interrogator developed in Australia (Whatmuff et al. 2013), which currently houses 
in excess of 5500 historic data sets from trials that have been used to develop soil 
test-crop response relationships for N, P, K, and S. New experimental data are also 
being added to this database, allowing not only the greatest density of trials to build 
soil test calibrations but also an opportunity to explore the impact of time and 
management changes on critical soil test values (e.g., the change from conventional 
to zero tillage for less mobile nutrients like P and K). A relevant example of the use 
of that database for comparing critical exchangeable K concentrations for wheat 
(Triticum aestivum) grown on contrasting soil types is the paper by Brennan and Bell 
(2013). The use of such databases as repositories for data from national or interna- 
tional research programs would allow opportunities for collaborative approaches to 
the development of new soil test-crop response relationships. 


8.6 Lessons Learned from Long-Term Experiments 


The chapter in this book that discusses the relationship between changes in soil test 
values in response to K mass balance (Chap. 10), and a recent review of the lessons 
that long-term experiments can provide with respect to K management (Goulding 
et al. 2017), came to similar conclusions. While providing clear insights into the 
dynamics of K in soil and plant systems, long-term experiments clearly demon- 
strated that current soil tests targeting bioavailable K do not provide a reliable 
benchmark of the impact of practices on the size of the bioavailable K pool or of 
the long-term sustainability of K management practices. An example has also been 
presented in Chap. 7 (Fig. 7.6—reproduced from Hinsinger 2002), showing that 
despite wide variation in K balance between management strategies, there was no 
consistent pattern of change in exchangeable K in the soil layers monitored. 
Similarly, the example provided in Fig. 8.3 in this chapter shows that even when 
the K status of subsoil layers (to 90 cm) was considered, and a variety of commer- 
cially available soil tests were used (exchangeable K, tetra phenyl borate-K, and 
nitric acid-extractable K), only a little over 50% of the soil K depletion resulting 
from long-term cropping could be accounted for. Such results have significant 
implications for the use of commercial soil testing procedures to monitor 
long-term changes in K fertility. A more detailed analysis of soil and crop removal 
data from the cropped fields depicted in Fig. 8.3 is provided by Fig. 8.5. This shows 
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Fig.8.5 The relationship between the initial quantum of exchangeable K (by ammonium displace- 
ment) to 30-cm depth (kg K ha^!) in an Oxisol and the cumulative K removal in harvested produce 
over a 13-year cropping period (right) and the impact of that cumulative crop removal on the final 
exchangeable K remaining in the same profile layers (left). Each point represents the mean of nine 
replicate plots in which differing soil K concentrations were initially established by fertilizer 
addition 


that despite a fivefold variation in initial exchangeable K (achieved through fertilizer 
addition), the cumulative removal of K in harvested produce only varied by a 
maximum of 25% over a sequence of 13 cropping seasons. However, the impact 
of that crop K removal on soil exchangeable K content was related strongly to the 
initial stocks of exchangeable K, rather than to the amount of K removed. Soils with 
the lowest initial exchangeable K exhibited little or no net change in exchangeable K 
over the cropping period, despite cumulative K removal of 270—290 kg K/ha. 
Conversely, soils with the highest reserves of exchangeable K recorded net changes 
in exchangeable K that were similar to the quantum of K removed. 

These considerations are a reminder that soil testing methods targeting K pools 
that are bioavailable in single seasons are not always the best method of monitoring 
the K status of agricultural fields. The longer-term K dynamics that can occur in 
response to K removal, as well as the action of roots in different parts of the soil 
profile, also need to be considered. 


8.7 Concluding Remarks 


A primary consideration in the choice of analytical method and interpretation of the 
resulting soil test K values would seem to be the kind of cropping system for which 
recommendations are being made. We can define at least three scenarios from a crop 
demand perspective. These are: (1) very short- and short-duration crops (vegetables, 
cereals, and grain legumes—all with a single harvest); (2) longer season crops like 
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sugarcane; and (3) perennial or forage crops, where the K demand is extended over 
multiple years and/or multiple forage harvests per season. 

If a “quick” soil test is used to predict bioavailable K for the next crop season of a 
short duration crop, then exchangeable K is probably the best indicator of K that the 
crop is likely to access, with different crops likely having different “critical ranges” 
that may also be dependent on the soil’s cation exchange capacity. There is not 
enough time for the crop rhizosphere conditions to extensively degrade minerals, 
and there will probably not be enough wetting and drying cycles for fixation and 
release to have a major impact on K availability. The major variable here is to 
adequately characterize readily available K in the soil layers where there is a high 
root density (and plant-available moisture). 

For longer season crops like sugarcane, the rate of K release or replenishment 
over the longer time frame is likely to be more significant, as there is more time for 
the crop root system to access K from both surface-adsorbed and interlayer or 
structural K pools. In this situation, the difference between exchangeable K and 
non-exchangeable K (perhaps assessed by the TPB or nitric acid extractions) may 
correlate with crop K uptake and provide a better indication of whether or not the soil 
is capable of supplying K in the medium term (over several months). 

The final cropping systems of interest are the multiple forage harvest or multiple 
crop season systems (e.g., lucerne/alfalfa), where demand is high and persistent over 
an extended period of time (years). Here, the more slowly available K (interlayer and 
structural pools) becomes critically important for the sustained removal and replen- 
ishment of plant-available K. Exhaustive cut-and-remove pot trials are extreme 
examples of this, because inevitably there is a restricted soil volume as well as a 
very high root density, in addition to the high and prolonged K demand. In these 
situations, the rate of release/replenishment of slowly available K pools quickly 
becomes the dominant factor in determining fertilizer K responsiveness. 
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Chapter 9 A) 
Evaluating Plant Potassium Status m 


T. Scott Murrell and Dharma Pitchay 


Abstract Several methods exist for evaluating plant nutritional status. Looking for 
visual deficiency symptoms is perhaps the simplest approach, but once symptoms 
appear, crop performance has already been compromised. Several other techniques 
have been developed. All of them require correlation studies to provide plant 
performance interpretations. Reflectance is a remote sensing technique that detects 
changes in light energy reflected by plant tissue. It has proven successful in detecting 
nutrient deficiencies but does not yet have the ability to discriminate among more 
than one deficiency. Chemical assays of leaf tissue, known as tissue tests, require 
destructive sampling but are the standard against which other assessments are 
compared. Sufficiency ranges provide concentrations of each nutrient that are 
considered adequate for crop growth and development. They consider nutrients in 
isolation. Other approaches have been developed to consider how the concentration 
of one nutrient in tissue impacts the concentrations of other nutrients. These 
approaches strive to develop guidelines for maintaining nutrient balance within the 
plant. All approaches require large data sets for interpretation. 


Ideally, a diagnostic test, whether of the soil or plant, meets four requirements: (1) it 
is easy and inexpensive to perform; (2) it definitively identifies a potassium 
(K) deficiency; (3) it allows farmers time to respond; and (4) it leads to interventions 
with high probabilities of success. Soil tests have been widely used and have been 
useful for assessing plant-available K, but they do have diagnostic limitations. As 
Hall (1905) stated over 100 years ago: 
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One of the main problems placed before the agricultural chemist is the estimation of the 
requirements of a given soil for specific manures.... For various reasons the obvious 
method of determining the proportions of nitrogen, phosphoric acid, and potash in the soil 
fails in many cases to give the required information. ... Hence from time to time attempts 
have been made to attack the problem from another side and to use the living plant as an 
analytical agent. The scheme is to take a particular plant grown upon the soil in question, and 
determine in its ash the proportions of constituents like phosphoric acid and potash. Any 
deviations from the normal in these proportions may then be taken as indicating deficiency 
or excess of the same constituent in the soil and therefore the need or otherwise for specific 
manuring in that direction. 


Hall’s statement elucidates the shortcomings of a soil test as the sole guide for K 
management and captures the rationale for adding plant measurements to the suite of 
nutritional assessments. This chapter provides an overview of the many 
"attempts. . .to use the living plant as an analytical agent.” 


9.1 Visual Symptoms of Potassium Deficiency 


When K is deficient, several processes are impaired (Marschner 2002). Low K 
inhibits enzyme activation, making plants more susceptible to fungal attack. 
Impaired stomatal activity results in poor control over gas exchange, impairing 
photosynthesis and water control, making plants more susceptible to stresses from 
drought, frost, water uptake, and soil salinity. Low K also impairs proton (H*) 
exchange across the thylakoid membranes in chloroplasts, resulting in worsening 
symptoms under higher light intensity (Marschner and Cakmak 1989). Transport of 
photosynthates can also be impaired, resulting in a buildup of sugars and a reduction 
in protein and starch synthesis, lowering the plant's dry weight. Impaired lignifica- 
tion of vascular bundles may result in weaker stalks and increased lodging. Potas- 
sium is an abundant cation (K*) found in the cytoplasm, providing cell turgidity and 
rigidity by maintaining the osmotic potential. The K* concentration can be anywhere 
between 10 and 200 mM and in some cases as high as 500 mM in guard cells and 
pulvini of Fabaceae family member species. Lack of K results in reduced cell size 
and number, causing reduced growth and affecting nyctinasty in the Fabaceae 
family. Because K is mobile in the plant, it can be remobilized from older tissue to 
younger tissue when uptake from the soil is insufficient; therefore, visual symptoms 
generally occur first on older tissue, often the most recently matured. 

Learning to recognize visual symptoms of deficiency requires training to become 
familiar with symptoms that can be crop specific (Table 9.1). Potassium deficiency 
may first appear as deep green plants with shorter and fewer internodes and smaller 
leaves, followed by the rapid development of necrotic spots along the margins and 
across leaf blades of recently matured leaves. In most cases, necrotic lesions begin 
without prior chlorotic lesions. In some cases, chlorosis develops in the tissue 
surrounding necrotic spots as the necrosis enlarges in advanced stages, or as necrosis 
is followed by chlorosis on recently matured and maturing leaves. 
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Table 9.1 Descriptions of visual symptoms of K deficiency for several horticultural crops 


Crop 


Brassica oleracea 
L. (broccoli) 


Description 


Internodes of maturing and recently matured leaves develop purplish 
concentric circles with green, normal-looking tissues in the center. 
Gradually, the undersides of these leaves’ petioles shrivel, followed 
by the development of irregular sunken light green concentric circles 
with normal islands on tissues (Fig. 9.1a). The lesions progress 
further (Fig. 9.1b—d) with severe shriveling of petioles and the 
spreading of purplish pigmentation on the internodes. Eventually, 
necrosis develops across the entire lamina. 


Cucumis sativus 
L. (cucumber) 


In the early stages of appearance, the leaf area is reduced (Fig. 9.2a, 
b). As symptoms worsen, leaves appear deeper green (Fig. 9.2c), and 
lesions of grayish necrosis develop on recently matured leaves and 
on matured leaves below them (Fig. 9.2d). 


Spinacia oleracea 
L. (spinach) 


Lesions of light greenish, sunken, irregular necrotic spots develop on 
recently matured leaves (Fig. 9.3a). The lesions rapidly coalesce and 
progress to distinct whitish necrotic spots on interveinal tissue on the 
acropetal leaf area (Fig. 9.3b, c). 


Cucurbita pepo 
L. (zucchini squash) 


In the early stages, leaves may appear darker green (Fig. 9.4a). 
Necrotic spots of light whitish pin-head sized lesions develop on 
interveinal tissue across the leaf blades closer to the primary veins 
(Fig. 9.4b), which then enlarge to irregular sunken necrotic spots and 
eventually into large necrotic spots of 0.5-1.0 cm (Fig. 9.4c). 


Lactuca sativa 
L. (romaine lettuce) 


Lesions of dark grayish irregular sunken necrotic spots begin at the 
acropetal area of recently matured leaves (Fig. 9.5a). These necrotic 
lesions rapidly coalesce into large irregular necrotic patches ran- 
domly across the lamina (Fig. 9.5b, c). 


Carica papaya 
L. (papaya) 


Solanum tuberosum 
L. (potato) 


Necrosis begins as greenish-gray patches just inside the leaflet mar- 
gins of recently matured leaves and rapidly progresses to large 
necrotic areas and the tissue collapses along the terminal margins 
(Fig. 9.6a, b). As patches increase in size and number toward the leaf 
base, areas between the necrotic patches turn chlorotic and the leaves 
eventually abscise (Fig. 9.6c). 


Plants initially appear deeper green and compact due to fewer nodes 
and shorter internodes (Fig. 9.7a). Further K deprivation results in 
minor puckering and crinkling of leaves, with slight cupping of 
recently matured leaves (Fig. 9.7b). Plant growth is reduced. These 
symptoms progress rapidly to severe puckering and reduced leaf size 
(Fig. 9.7c). Randomly spaced necrotic areas first appear on the 
abaxial leaflet surface and along the secondary and tertiary veins of 
outermost leaflets of recently matured leaves. The symptoms grad- 
ually progress to the adjacent leaflets and then to the remaining 
leaflets. As the deficiency becomes severe, dark necrotic spots 
develop on the adaxial surface of maturing leaves and necrotic areas 
enlarge. 


Arachis hypogaea 
L. (Peanut) 


Recently matured/matured leaves initially appear slightly darker 
green (Fig. 9.8a). As the K deprivation extends, lesions of light 
grayish irregular sunken necrotic spots begin to develop across the 
lamina (Fig. 9.8b). The lesions rapidly progress to distinct brownish 
necrotic spots surrounded by chlorotic tissues (Fig. 9.8c). 
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Fig. 9.1 Potassium 
deficiency symptoms 
exhibited on Brassica 
oleracea L. (broccoli). For a 
description, see Table 9.1 
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Fig. 9.2 Potassium 
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Fig. 9.3 Potassium 
deficiency symptoms 
exhibited on Spinacia 
oleracea L. (spinach). For a 
description, see Table 9.1 
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Fig. 9.4 Potassium 
deficiency symptoms 
exhibited on Cucurbita pepo 
L. (zucchini squash). For a 
description, see Table 9.1 
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Fig. 9.5 Potassium 
deficiency symptoms 
exhibited on Lactuca sativa 
L. (romaine lettuce). For a 
description, see Table 9.1 


Lactuca sativa L 
(romaine lettuce) 


T. S. Murrell and D. Pitchay 


9 Evaluating Plant Potassium Status 227 


Fig. 9.6 Potassium 
deficiency symptoms 
exhibited on Carica papaya 
L. (papaya). For a 
description, see Table 9.1 
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Fig. 9.7 Potassium 
deficiency symptoms 
exhibited on Solanum 
tuberosum L. (potato). For a 
description, see Table 9.1 
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Fig. 9.8 Potassium 
deficiency symptoms 
exhibited on Arachis 
hypogaea L. (peanut). For a 
description, see Table 9.1 
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Nutrient deficiency symptoms can be used as a rapid diagnostic tool for identi- 
fying factors that might limit crop yield and quality. Deficiency symptoms are not 
the ideal approach for dealing with nutritional shortages, because by the time 
symptoms are visible, plant productivity has already been impaired by the period 
of malnutrition preceding the appearance of symptoms, a condition called “hidden 
hunger.” 


9.2 Light Reflectance 


Potassium deficiency can cause changes in both individual plant organs and, collec- 
tively, the crop canopy. When leaf tissue becomes chlorotic or necrotic, it no longer 
reflects light the same way it did when it was healthy. Visibly, leaves change from 
green to yellow or brown, but changes also occur outside the visible spectrum, 
particularly at the nexus of visible and infrared wavelengths. 

When incident energy hits the surface of a leaf or other plant organ, it is either 
absorbed, reflected, or transmitted through the tissue. Several types of detectors can 
measure, over a range of wavelengths, the energy not absorbed by the plant. Under 
controlled conditions, positioning both the light source and the energy detector on 
the same side of the plant tissue measures reflected energy. Positioning the light 
source behind the tissue and the detector in front of the tissue measures transmitted 
energy. In spectral analysis, the reflectance is the reflected energy expressed as a 
percentage of the incoming energy. To calculate this percentage, the energy of the 
light source must be known. Some instruments provide their own light source of 
known energy. Instruments without a light source require reference materials with a 
known reflectance, such as a white panel (Albayrak et al. 2011). A higher reflectance 
means a lower energy absorbance. Because energy measurements do not require 
contact with plant tissue, they are considered a type of “remote sensing.” For 
agricultural uses, energy detectors have been mounted on tractors, airplanes, 
unmanned aerial vehicles, and satellites. 

Figure 9.9 is an example of a reflectance spectrum. Reflectance (%) is plotted 
over a range of wavelengths (nm). Reflectance in the visible spectrum, 400—700 nm, 
is less than reflectance in the infrared spectrum (700 nm-1 mm). Chlorophylls, 
carotenoids, and anthocyanins absorb light in the visible spectrum (Knipling 
1970), and combined they absorb more energy in the blue and red wavelengths 
and less in the green wavelengths (Shull 1929). The longer wavelength infrared light 
is not absorbed by the aforementioned phytochemicals, resulting in a rapid increase 
in reflectance at the end of the visible and the beginning of the infrared spectrum, 
termed the "red edge" (Horler et al. 1983). Farther into the longer wavelength range 
of the infrared spectrum (not shown in Fig. 9.9) several compounds in the plant 
absorb energy. Among these are protein, oil, starch, lignin, cellulose, water, and 
sugar (Curran 1989). Additionally, water absorbs energy across both visible and 
infrared spectra. 
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Fig. 9.9 Reflectance spectra for wheat (Triticum aestivum L.) without K (—K) and with K (+K), 
and all other nutrients at sufficient levels. (adapted from Ayala-Silva and Beyl 2005) 


A red edge at lower wavelength is associated with K deficiency. Figure 9.9 shows 
two spectra for wheat (Triticum aestivum L.), one where K was added to the nutrient 
solution (4-K) and the other where K was omitted (—K) (Ayala-Silva and Beyl 2005). 
The K deficiency resulted in a red edge at shorter wavelengths and increased 
reflectance in the visible range (400—700 nm). When tissue yellows or becomes 
necrotic due to nutritional deficiencies or other damage, less chlorophyll is available 
to absorb energy in the visible spectrum, and reflectance increases (Shull 1929). 
Also, when tissue dries, it typically reflects more energy (Woolley 1971). A 
confounding factor in analyzing shifts in the red edge is that as plant tissue ages, 
the red edge shifts to longer wavelengths (Horler et al. 1983; Milton et al. 1991). 
Therefore, a red edge occurring at shorter wavelengths under K deficiency could be 
interpreted as an “.. inhibition of the normal shift to longer wavelengths" (Milton 
et al. 1991). 

Spectral analysis usually involves creating indexes that are diagnostic of plant 
nutritional status. Commonly used metrics of nutritional status are K concentration 
in dry tissue [g K (kg dry matter) !] and total K accumulation in plant biomass 
(kg K ha^ !). Indexes are created from the combinations of wavelength reflectance 
measurements that correlate most strongly with K concentration or K accumulation. 
In remote sensing applications, spectra are the result not only of the absorption of 
light by the crop canopy but also absorption by water and other compounds in the 
atmosphere and in the soil not covered by the canopy. 

Vegetative indexes are calculated by a normalization technique that uses ratios of 
wavelength combinations. The normalized difference vegetation index (NDVI) is a 
commonly used ratio. It is a combination of reflectance in the near-infrared spectrum 
(Rwrg) and reflectance in the red region (Rea). Specifically, NDVI = (Ry — Rrea)/ 
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Fig. 9.10 Correlation of Vicia villosa Roth (hairy vetch or winter vetch) shoot tissue K concen- 
tration with (a) the normalized difference vegetative index (NDVI) and (b) the ratio of near-infrared 
reflectance to reflectance in the red region (Ryr/Rrea). (adapted from Albayrak et al. 2011) 


(Ryir + Rrea) (Tarr et al. 2005). Another often used index is the simple ratio Ryrr/Rrea 
(Birth and McVey 1968). 

For example, Albayrak et al. (2011) correlated NDVI and the simple ratio to leaf 
K concentrations of shoot tissues of three vetch (Vicia) species. Figure 9.10 shows 
the correlations with both indexes for Vicia villosa Roth, which was representative of 
the correlations of the other two Vicia species. The NDVI correlation was somewhat 
better than that of the simple ratio. Many other vegetative indices have been tested 
using tissue K concentration: green-to-red and near-infrared-to-green ratios (Gómez- 
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Casero et al. 2007); green normalized difference vegetation index (GNDVD, soil 
adjusted vegetation index (SAVI) optimized soil adjusted vegetation index 
(OSAVD, N. 870 1450 and N 1645. 1715 (Mahajan et al. 2014; Pimstein et al. 
2011); P. 1080 1460, S 660 1260, and S. 660 1080 (Mahajan et al. 2014); vege- 
tation vigor index (VVI) (Noori and Panda 2016); the GM Index, the Vogelmann 
Index (VOG), the Green Leaf Index (GLI), the normalized difference index (NDI), 
and a simple ratio RI (Anderson et al. 2016); and the re-normalized difference 
vegetation index (RDVI) (Guo et al. 2017). Other normalization procedures are 
continuum removal and band depth (BD) normalization (Kokaly and Clark 1999); 
continuum-removed derivative reflectance (CRDR), the normalized band depth ratio 
(BDR), and the normalized band depth index (NBDI) (Mutanga et al. 2004). 

Statistical techniques are commonly used to create multivariate models of wave- 
lengths that account for the most variation in either tissue K concentration or total K 
accumulation. The approach is to develop a statistical model with one set of data, 
termed a calibration or training data set, then test how well that model predicts either 
K concentration or total K accumulation in another data set, termed the validation, 
prediction, or test data set (Geladi and Kowalski 1986). The most widely used 
statistical technique has been stepwise regression; however, uninformed use of this 
approach can lead to overfitting, making a model *. . unlikely to be replicated if the 
experiment is repeated" (Mutanga et al. 2004). Another criticism of stepwise regres- 
sion has been that the wavelengths most highly correlated with plant chemical 
content may not relate to known absorption features of those chemicals (Curran 
et al. 1992). To address concerns of overfitting, researchers are turning to other 
techniques to build models, such as partial least squares (PLS) regression (Geladi 
and Kowalski 1986), kernel partial least squares regression (KPLSR), and support 
vector regression (SVR) (Pullanagari et al. 2016). 

The major difficulty that has yet to be overcome is the inability of reflectance to 
discriminate among more than one deficient element. Predictive models have been 
built for individual nutrients, but not for combinations of nutrients. Fridgen and 
Varco (2004) conducted a study with a factorial combination of nitrogen (N) and K 
fertilizer application rates applied to cotton (Gossypium hirsutum L.). They built a 
predictive model for leaf N content using partial least squares regression. When K 
was limiting, the model performed poorly, as measured by the correlation between 
predicted and observed N content (? — 0.06); however, when K was adequate, the 
model performed markedly better (I? = 0.70). From their experiment examining 
several isolated nutrient deficiencies, Pacumbaba and Beyl (2011) concluded that 
spectral analysis could detect nutrient stress but was not able yet to identify which 
nutrient was causing the stress. 

An additional consideration is when to take reflectance measurements. Early 
detection of K deficiency is the goal. As discussed in the previous section, K 
deficiency can progress rapidly from “hidden hunger” to complete tissue necrosis. 
Creating diagnostic interpretations of reflectance spectra needs to consider the 
dynamic nature of K deficiency during the plant’s lifecycle. 
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9.3 Plant Tissue Chemical Content 


The most widely adopted determinations of plant tissue K content are those 
performed in the laboratory on tissue samples collected from the field. Farmers or 
consultants gather samples of specific tissue at specific growth stages (Jones 1998). 
After the laboratory receives the samples, technicians dry them, typically in a forced- 
air oven, then grind them to reduce particle size. A small subsample of the ground 
material is weighed out and digested in an acid solution (Campbell and Plank 1998; 
Hanlon 1998). The quantity of K in an aliquot of the digestate is determined using 
either an atomic absorption spectrophotometer (Hanlon 1998) or an inductively 
coupled plasma atomic emission spectrometer (Isaac and Johnson 1998). Although 
laboratory determination of K content is the scientific standard, it is not available 
everywhere, since it requires capital to set up the laboratory, an appropriate business 
plan to sustain laboratory operations, trained personnel, well-developed infrastruc- 
ture to transport samples and maintain equipment, and quality assurance and quality 
control procedures to ensure results are accurate and precise. 

For meaningful interpretation, tissue test results must be correlated to crop 
performance. The stronger the correlation, the more useful tissue analyses become 
as a diagnostic tool. Yield has traditionally been the performance metric of universal 
interest; however, crop quality and plant health can be just as important, depending 
on the crop and the requirements for marketable yield. The objective of correlations 
is to identify test levels associated with K sufficiency and balanced nutrition. 

Balance considers concentrations of other nutrients in plant tissues. The tissue 
concentration of K is influenced by the supply of other cations such as ammonium, 
magnesium (Mg), calcium (Ca), iron, manganese, copper, and zinc. The growing 
environment also plays an important role in the determination of the critical level 
of K, since tissue K concentrations are influenced by factors such as incident 
radiation, light intensity, air and soil temperature, soil moisture, etc. The demand 
for K also changes during the season, as discussed in Chap. 1, with increases in many 
species during the reproductive stage, especially during flowering and fruiting. The 
following sections discuss approaches that have been developed to create diagnostic 
criteria. 


9.3.1 Sufficiency Ranges (SR) 


Macy (1936) formulated many of the concepts used today for interpreting tissue test 
correlations. He assembled data from studies that added or subtracted a given 
nutrient from the plant-available supply and measured changes in biomass produc- 
tion and nutrient concentration in plant tissue. He defined yield response as the 
decrease in any given yield from the maximum yield. He plotted those yield 
decreases against the associated tissue nutrient concentrations to create correlations 
like the one in Fig. 9.11. His approach considered one nutrient at a time and assumed 
levels of other nutrients were adequate. He defined “poverty adjustment" as the 
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Fig. 9.11 Interpretation of oat (Avena sativa L.) tissue test correlation data into three categories: 
minimum percentage, poverty adjustment, and luxury consumption, the latter two divided by the 
critical percentage. (Macy 1936) 


range where biomass yield climbed toward maximum yield as tissue nutrient 
concentration increased. At higher nutrient concentrations, biomass no longer 
increased, a range he termed “luxury consumption.” He then defined the “critical 
percentage” as the tissue concentration dividing poverty adjustment from luxury 
consumption. He also observed that a range of the largest yield decreases occurred 
within a relatively narrow range of low nutrient concentrations. He termed this range 
“minimum percentage.” As Macy’s concept was adopted by others, relative yield or 
actual yield was used as the dependent variable rather than the decrease from 
maximum yield. Relative yield is the ratio of observed yield to maximum yield. 
Research has been going on for decades on numerous crops to develop correlations 
between tissue concentrations and crop yields, and studies are periodically summa- 
rized in reviews such as Hardy et al. (1967) and Westerman (1990). While correla- 
tions of yield or relative yield with tissue concentrations provide the basis for 
diagnosing a K deficiency, they do not indicate how much K needs to be applied 
to rectify the deficiency. Calibration experiments, like those discussed in Chap. 1, 
provide that kind of information. 
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The selection of models fit to correlation data influences the determination of 
critical level or range. As an example, we compare models fit to data correlating 
maize (Zea mays L.) yield to K concentration in the leaf blade opposite and below 
the ear, sometimes called the “sixth leaf” or the “ear leaf.” Tyner (1947) modeled his 
ear leaf correlation data set using actual yields and a linear model. His data did not 
have a clear “flex point” where yield no longer increased with K concentration 
(no luxury consumption). He set the critical concentration at the concentration where 
only two higher yielding observations at lower concentrations fell outside the 
standard error interval. Stammer and Mallarino (2018), correlating leaf concentra- 
tions to maize and soybean (Glycine max (L.) Merr.) relative yields, defined a critical 
range, rather than a single level, from two different least squares statistical models fit 
to the same data. The inflection of the linear-plateau model set the lower limit of the 
range and the plateau of the quadratic-plateau model set the upper limit. In addition 
to those already mentioned, other statistical models commonly used in nutrient 
response or correlation studies are: linear segmented models (Anderson and Nelson 
1975); quadratic, exponential, and square root functions (Cerrato and Blackmer 
1990; Mombiela et al. 1981); and the “Cate-Nelson” procedure (Cate and Nelson 
1971). 

Empirical data comprising tissue test correlations are gathered under specific 
conditions. When conditions change, interpretations may also change. For instance, 
Kovács and Vyn (2017) correlated yields and ear leaf K concentrations of modern 
maize hybrids and found that the lower limit of the sufficiency range in existing 
interpretations was too low. Their more recently collected data revealed that a higher 
range in tissue K concentrations needed to be recommended to farmers. This 
example demonstrates that tissue test correlations must be reevaluated when current 
practices or growing conditions differ from the historical ones upon which the 
recommendations were based. Unfortunately, funds for conducting such research 
are usually sparse and only sporadically available. Unmet funding needs have 
limited scientists' ability to update data sets in a timely manner, resulting in 
interpretations and recommendations that may reflect older cropping practices, 
genetics, and climatic conditions. 

Tissue K concentration is affected by factors other than the quantity of plant- 
available K in soil. Over 100 years ago, Hall (1905) noted that environmental factors 
can alter nutrient concentrations as much as variations in the K content of the soil. To 
quiet the noise from other factors, Mallarino and Hagashi (2008) used relative rather 
than absolute tissue concentrations. In their field experiments, they calculated 
relative concentrations for a given season at a given site (site-year) by dividing 
tissue K concentrations from unfertilized plots by the tissue K concentration of the 
highest treatment mean. They then aggregated data across all site-years and exam- 
ined the relationship between soil test level and either absolute or relative tissue 
concentration. Relative tissue concentrations were better related to changes in soil 
test levels than absolute concentrations; however, they did not examine the relation- 
ship between relative concentration and relative yield, likely because only small 
yield responses to K fertilization occurred in the study. 
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Table 9.2 Interpretations of Leaf K concentration 
mature Valencia and navel  emmüton (8K (kg dry manen " 
orange (Citrus sinensis (L.) Deficient <4.0 
Osbeck) leaves. (Embleton Low 4.0-6.9 
et al. 1978) Optimum 7.0-10.9 

High 11.0-20.0 

Excess >23.0 


Although correlation studies are essential, they do not completely define the 
process used to develop diagnostic criteria for tissue tests. To quote Melsted et al. 
(1969): 

Critical plant composition values can seldom be derived through a single carefully designed 

experiment. Rather they evolve through hundreds of fertility trials and the resulting thou- 

sands of plant analyses. Slight variations in plant composition may result through differences 

in individual plants, in plant varieties, in seasonal changes, in nutrient levels, in nutrient 

ratios, and in various other factors. There is no good way to evaluate or balance some of 

these differences except through personal judgement. 


To elucidate the process of deriving tissue test interpretations for production 
settings, we explore an example from the citrus industry in California. We begin 
with the current recommendations. Embleton et al. (1978) published the interpreta- 
tions for leaf tissue K concentration reproduced in Table 9.2 which are still used 
today. Farmers and consultants compare their own test results with those in the table 
to assess the K status of their orange trees. The interpretations are valid for specific 
plant tissue: 5—7-month-old, spring cycle, terminal leaves from nonfruiting, and 
nonflushing shoots that are 0.9—1.5 m above the ground. These interpretations 
apply to orange (Citrus sinensis (L.) Osbeck), grapefruit (Citrus paradisi Macfad.), 
and lemon (Citrus limon (L.) Osbeck). To reach the desired number of fruit per tree, 
farmers manage fertilizer K to keep tissue tests in the optimum range 
(7.0-10.9 g kg). To attain the desired fruit size and quality, a higher concentration 
in the range of 10.0-12 g kg ' is recommended. Although not shown in Table 9.2, 
ranges are provided for other nutrients too. The presentation of interpretation ranges 
for individual nutrients with associated descriptions of tissue at a given range of 
positions on the plant and an associated age range is representative of guidelines in 
use for many crops and nutrients (Mills and Jones 1996; Shear and Faust 2011; 
Uchida 2000). Commonly, the optimum range is called the “sufficiency range.” 
Baldock and Schulte (1996) classified sufficiency ranges as an independent nutrient 
index (INI), because they represent the sufficiency of one nutrient independently of 
other nutrients. 

The tissue K interpretations in Table 9.2 are a result of a long period of work. We 
explore the process followed to create the entries in that table. Doing so reveals the 
many steps required to create tissue test interpretations. 

Southern California farmers’ desire for evidence-based management practices for 
oranges sparked the long process of creating tissue test interpretations. The Citrus 
Experiment Station was established at Riverside, California in 1907. Field trials 
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were also started that year. Research summaries published in 1922 (Vaile 1922) and 
1942 (Parker and Batchelor 1942) concluded that N was the limiting nutrient for 
Valencia and navel oranges, not K; however, Chapman and Brown (1943) stated that 
despite the lack of experimental evidence, many farmers continued to believe that K 
was necessary to sustain fruit yield and quality. 

Chapman and his colleagues began investigating K nutrition more closely. Their 
initial work focused on characterizing the effects of K deficiency, sufficiency, and 
excess on the growth and fruit production of Valencia and navel orange trees 
(Chapman and Brown 1943; Chapman et al. 1947). To do this, they initially 
conducted greenhouse studies using nutrient solutions with and without K to com- 
pare differences in leaf tissue concentrations as well as visual deficiency symptoms. 
They also conducted “controlled-culture experiments” on 4-year old trees growing in 
large (700 L) pots outdoors under ambient conditions and fed with nutrient solutions 
with varying levels of K (3-7 ppm K, 30-40 ppm K, and 300-400 ppm K) 
(Chapman et al. 1947). They noted that in the early stages of K deficiency, trees 
showed only faint symptoms and set fruit normally, but at harvest, their fruit was 
much smaller. Although the K-deficient trees did not exhibit clear visual symptoms, 
the K concentrations in their leaves were much lower than those where K was 
sufficient. Driven by their concern that "incipient" K deficiencies likely went 
unnoticed in commercial orchards (termed “hidden hunger” earlier in this chapter), 
Chapman and Brown (1950) set up a series of investigations to determine if the K 
concentration in leaves could serve as a diagnostic test. 

Although they had been analyzing leaves in their work, Chapman and Brown 
(1950) were not sure leaves were the best tissue for diagnosing tree nutrient status. 
They took samples from a long-term experiment where navel orange trees had been 
growing for over 13 years on differentially fertilized plots. Given the long time they 
had to respond to differences in fertility, trees on these plots were the most likely to 
exhibit clear differences in tissue K concentration. Unfortunately, the effects of K 
could not be isolated, since S was applied with K. They sampled: leaves; small, 
"pencil-sized" terminal shoots (twigs); blossoms; immature fruit; and mature fruit. 
An excerpt from their results is in Table 9.3. Comparing the pair of treatments 
without K (N and N + P) to treatment with K (N + P + K + S and manure) showed 
that leaves were the plant organs most sensitive to changes in K nutritional status. In 
a separate study, Chapman and Brown (1950) also tested petioles and found they 
offered no advantage over leaves. Foundational work of others on a variety of crops, 
summarized by Ulrich (1952), showed that nutrient concentrations in vegetative 
organs of plants were often more sensitive to changes in soil nutrient supply than 
those in fruits, seeds, or tubers. 

Chapman and Brown (1950) investigated the best time to sample leaf tissue. 
Under southern California conditions, orange trees, which are evergreen, have three 
cycles of new leaf growth (flushes) during the following approximate times of the 
year: April (first or spring flush), June (second flush), and August through September 
(third flush). Experiments examining the time of sampling revealed that K concen- 
trations generally decreased in leaves as they aged, a phenomenon noted by many 
other researchers working on many other crops, for example, Thomas (1937) 
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Table 9.3 Tissue K concentrations in various organs of navel orange trees (Citrus sinensis (L.) 
Osbeck) growing for over 13 years on differentially fertilized plots in a long-term experiment. 
(Chapman and Brown 1950) 


Twig bark | Twig wood | Leaves | Blossoms | Immature fruit | Mature fruit 
Treatment* g K (kg dry matter) ! g K (kg fresh weight)’ 
N 3.9 1.2 6.5 12.9 2.5 1.4 
N+P 33 1.5 6.8 12:9 24 1.4 
N+P+K+S |21 1.1 10.7 12.6 2.6 1.5 
Manure 3.8 2.0 13.2 15.5 3.1 1.4 


*N = nitrogen applied as urea; P = phosphorus applied as triple superphosphate; K + S = potassium 
and sulfur co-applied as potassium sulfate; manure — dairy manure 


studying potato leaves, Bell et al. (1987) examining soybean leaves, and Xue et al. 
(2016) analyzing rice (Oryza sativa L.) leaves. Using data from the “controlled- 
culture experiments," Chapman and Brown (1950) determined that K concentrations 
in 12-month-old leaves taken from shoots that had been spring flush, fruit-bearing 
terminal shoots the previous year had the lowest K concentration (Fig. 9.12). They 
posited that by 12 months, some of the K in these older leaves had translocated to 
newly developing tissue. The K concentration in the older leaves had the clearest 
separation between deficient, slightly deficient, and ample K nutrition; however, 
accurately identifying these leaves in commercial orchards was questionable. Also, 
sampling at this leaf age was limited to a short period in the spring. Both of these 
practical limitations led to recommendations for sampling younger leaves, 4—7 
months old, located immediately behind the fruit on spring flush, terminal fruiting 
shoots (Chapman 1949, 1960; Chapman and Brown 1950; Embleton et al. 1962). 
These leaves were more readily identifiable and could be sampled over a several- 
month period, giving them practical value as a diagnostic test. 

Chapman and Brown (1950) conducted additional studies to provide further 
details on sampling leaves. They examined how high to sample on the tree and 
found that leaf K concentrations at the top (3.0—4.9 m) were slightly lower than other 
positions. Samples taken at 1.5—3.0 m were no different than those at 0.6-1.5 m. The 
lowest height was easiest to reach and that height has carried through to the current 
recommendation of 0.9—1.5 m. Other investigations by Chapman and Brown (1950) 
showed that leaf K concentrations were relatively constant on various sides of the 
tree. Large and small leaves were also similar in concentration. Chapman and Brown 
(1950) summarized their own as well as other scientists’ data, including international 
data sets, and published the first set of interpretations. 

In later work, Jones et al. (1955) and Embleton et al. (1962) found that sampling 
the youngest fully expanded leaf from nonfruiting, rather than fruiting, terminal 
shoots resulted in more reliable interpretations. The current recommendation in 
California is to sample 5-7-month-old, spring cycle, terminal leaves from 
nonfruiting, and nonflushing shoots (Embleton et al. 1978). That approach has 
proven so reliable that it is used by the citrus industry worldwide. 

In developing sufficiency ranges, both Chapman and Embleton gathered data 
from farmers’ orchards. They surveyed leaf concentrations in orchards of 
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Fig. 9.12 Temporal 25.00 
changes in Valencia and 
navel orange (Citrus 
sinensis (L.) Osbeck) leaves 
taken from spring flush, 
fruit-bearing terminals, 
based on data in Table 6, 
Chapman and Brown 
(1950), and experiment 
descriptions in Chapman 

et al. (1947). Error bars are 
+2 standard deviations 
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top-producing farmers. Additionally, Embleton worked with growers whose 
orchards were deficient in one or more nutrients and established fertilizer rate trials 
there. Stemming from such practical research, Embleton et al. (1974) stated that one 
of the reasons for setting 7.0 g kg ' as the threshold between “low” and “optimum” 
was their experience that it was difficult to increase leaf K concentration once it fell 
below this level. Also, Embleton et al. (1978) looked beyond the number of fruit per 
tree and examined other quality parameters, such as fruit size and quality. On-farm 
research, on-farm surveys, on-farm experience, and goals for not only yield but also 
crop quality helped define the interpretations used today. 

An important observation by Chapman and Brown (1950) was that K concentra- 
tions in leaves were influenced by the concentrations of other nutrients and vice 
versa. Table 9.4 shows that when K was deficient, the leaf concentrations of N, Ca, 
and Mg increased. Additionally, when the other listed nutrients were deficient, the 
concentration of K in leaves increased. 

The implication of the findings in Table 9.4 is that accurate interpretations of 
adequate and higher K concentrations depend upon knowing the concentrations of 
other nutrients. Higher K concentrations considered in isolation could be 
misinterpreted as sufficient when other nutrients are deficient. Chapman and 
Brown (1950) concluded that low leaf K concentrations were diagnostic and 
would not produce a false positive for K deficiency. However, when other nutrients 
were limiting, higher K concentrations could produce a false negative for K defi- 
ciency. The possibilities for misdiagnosis have led to ongoing research on how to 
consider more than one nutrient at a time when interpreting tissue analyses. 
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Table 9.4 Directional changes in nutrient concentrations of orange (Citrus sinensis (L.) Osbeck) 
leaves when other nutrients are deficient. (adapted from Chapman and Brown 1950) 


Directional change in K leaf Directional change in leaf concentration 
concentration due to a deficiency in the | of the element in the first column due to 

Nutrient nutrient in the first column a deficiency in K* 

Nitrogen Increase Increase 

Phosphorus | Increase ? 

Calcium Increase Increase 

Magnesium | Increase Increase 

Sulfur Increase ? 

Boron Increase ? 

Iron Increase ? 

Zinc Increase ? 


?? indicates the direction is not known with certainty 


9.3.2 Diagnosis and Recommendation Integrated System 
(DRIS) 


The importance of nutrient interactions on tissue concentrations was an early 
observation. Hall (1905) noted that the total quantity of sodium (Na) and K, summed 
together, was relatively constant but the cation that contributed more to the sum was 
the one in greater supply in the soil. He observed that, 


Any abundance of soda acts as a diluent and reduces the proportion of potash in the mangel 
ash, even though the plant may have an excess of potash available. In consequence the 
normal proportion of potash in the ash of the mangel will vary with factors other than the 
potash content of the soil... 


The most well-known approach for considering multiple nutrients is the Diagnosis 
and Recommendation Integrated System (DRIS), developed by Beaufils (1973) in 
South Africa from his work on maize and rubber trees. The objective of DRIS is to 
rank nutrients in their order of sufficiency to one another. The rank reveals which 
nutrients are most limiting and which are least, relative to each other. The rank does 
not, however, indicate whether a crop will respond favorably to fertilization if the 
lowest-ranked nutrient or nutrients are added (Sumner 1990). Baldock and Schulte 
(1996) classified DRIS as a dependent nutrient index (DNI), because it considers two 
or more nutrients in its interpretations. 

DRIS begins by assembling all available data, typically hundreds to thousands of 
records, into a database. The minimum data required for each record are yield and the 
tissue nutrient concentrations associated with that yield. This large data set is parsed 
into at least two subpopulations based on yield: low and high. Often, the yield 
delineating the subpopulations is chosen from experience. For example, Sumner 
(1977) set the delineating soybean grain yield at 2.6 Mg ha’. 

The next step is to create parameters, which are ratios of two nutrient concentra- 
tions. Continuing with the soybean example, Sumner (19772) created the following 
parameters for the nutrients N, phosphorus (P) and K: N/P, N/K, and K/P 
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Table 9.5 An example of DRIS parameters and norms for N, P, K concentrations in soybean 
(Glycine max (L.) Merr.) leaves derived from 879 observations in the low-yielding subpopulation 
and 366 observations in the high-yielding subpopulation. (excerpted from Sumner 1977a) 


High-yielding subpopulation 


Standard | Coefficient Variance in the Ratio of 
Mean or | deviation | of variation low-yielding variances 
Parameter | “norm”? | (sd) (CV) (%) subpopulation (low/high)” 
N/P 1377 | 2.72 20 2.60" 
N/K 2.43 0.50 21 7.52^ 
K/P 5.97 1.47 25 315" 


"Because units of concentrations ratios are unity, units of all descriptive statistics except the 
coefficient of variation are also unity. The means of each parameter from the high-yielding 
subpopulation are the DRIS “norms” 

>" Indicates the variance ratio is highly statistically significant 


(Table 9.5). He calculated descriptive statistics for each one: mean, variance, 
standard deviation (sd), and coefficient of variation (CV). Beaufils (1973) advised 
ensuring the distribution of each parameter in each yield subpopulation be normally 
distributed. None of the statistics for the parameters have units, since nutrient 
concentrations are expressed as ratios of one another. In the soybean example, 
Sumner calculated statistics for N/P, N/K, and K/P within each yield subpopulation. 
Table 9.5 shows all of these statistics for the high yield subpopulation but displays 
only the variance for the low-yielding one. To determine if a parameter should be 
included, Sumner (1977a) calculated the ratio of the low-yielding variance to the 
high-yielding variance. The assumption was that higher yields were less variable 
than lower yields. If the variance ratio was statistically significant, that parameter 
was included. Beaufils and Sumner (1976) interpreted significance to mean that, 
*...a relationship between yield and. . .plant composition is possible and that this 
relationship. . .can be exploited to suit diagnostic purposes." Table 9.5 shows that the 
variance ratios of all three parameters were highly statistically significant, so he 
included all of them. 

In DRIS, the means of each parameter from the high-yielding subpopulation are 
"norms." When the yield is normally distributed across levels of a parameter, the 
parameter mean is associated with the highest yields in the high yield subpopulation. 
Walworth et al. (1986) noted that high-yielding subpopulations were less likely to be 
skewed and more likely to follow the normal distribution, providing an additional 
reason for using them when creating norms. Norms are the standards used for 
interpreting tissue concentrations from individual data sets and represent the target 
levels of each parameter. The DRIS norms are the basis for ordering nutrients 
according to their sufficiency in the plant. There are two ways of creating this 
ranking: (1) graphically using a DRIS chart or (2) numerically using DRIS indexes. 
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9.3.2.1 DRIS Chart 


The DRIS chart (Fig. 9.13) ranks three nutrients qualitatively. When more than three 
nutrients are analyzed, the user interprets multiple DRIS charts simultaneously, as 
outlined in Beaufils and Sumner (1976). In the soybean example, the chart is 
composed of three axes, one for each parameter. The arrowheads on each axis 
indicate the direction of the increase in each parameter. The intersection of the 
three axes is the norm for each parameter (the "norms" in Table 9.5): 13.77 for 
N/P, 2.43 for N/K, and 5.97 for K/P. The inner circle has a radius of (2/3) x sd for 
each parameter (Sumner 19772). For example, the radius of the circle for the N/P line 
is (2/3) x 2.72 — 1.813. Adding and subtracting that value from the N/P norm 
(13.77) calculates the two intersection points of the inner circle on the N/P line: 
13.77 + 1.813 = 15.6 and 13.77-1.813 = 12.0. The outer circle has a radius of 
(4/3) x sd. Calculations are repeated for the other two lines to find their intersection 
points with both circles. The arrows next to the element symbols denote the balance 
of the nutrients on either side of a given axis. Keeping with the N/P axis, the inner 
circle represents nutrient balance between N and P, denoted by the horizontal arrows 
next to each nutrient. Within this circle, tissue concentrations are close to norms and 
are therefore associated with the highest yields in the high yield subpopulation. 
Moving upward on the N/P axis to the zone between the two concentric circles, the 
level of N begins to become too high, denoted by the upward slanted arrow, and the 
level of P starts to become too low, denoted by the downward slanted arrow. This is a 
transition zone. Moving still farther upward outside the second circle is nutrient 
imbalance. N is too high (arrow straight up) and P is too low (arrow straight down). 
An N/P ratio outside the second circle is associated with the lowest yields in the high 


Fig. 9.13 DRIS chart for N/P 

the parameters N/P, N/K, 

and K/P. The radius of the Í ^ 
inner circle is (2/3) x sd and P N 
that of the outer circle is K/P 
(4/3) x sd. The blue points 
are the values of the 
parameters for the second 
entry (92 days after 
emergence) in Table 9.6: 
N/P = 17.00; N/K = 3.86; K 4 
K/P — 4.40 
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yield subpopulation. Imbalances between N and P move in the opposite direction 
downward from the center on the N/P axis, with P being too high and N being too 
low outside the second circle on the bottom of the N/P axis. Similar interpretations 
exist for the other nutrients on the other two axes (N/K and K/P). 

DRIS charts like that in Fig. 9.13 rank three nutrients from most deficient to least 
deficient. For example, Sumner (1977a) applied the soybean DRIS norms in 
Table 9.5 to soybean tissue concentrations he interpolated from a study by Hanway 
and Weber (1971) (Table 9.6). The general method for using a DRIS chart was best 


Table 9.6 Soybean (Glycine max (L.) Merr.) leaf tissue nutrient concentrations from Hanway and 
Weber (1971) as interpolated by Sumner (19772), concentration ratios, and rank in order of most 
yield-limiting to least yield-limiting 


N* P K Parameters 
Days after emergence g (kg dry matter) ~ 
73 64.5 4.2 17.5 15.36 
92 42.5 2.5 11.0 17.00 
102 29.0 2.0 9.5 14.50 
"Tissue data are from the top leaves, above node 14 


"Rank differs slightly from that published by Sumner (1977a) who used computational methods 
rather than the DRIS chart to rank nutrients 


K>PRN 
K>P>N 
K>PRN 


described by Sumner (1977b). We apply that method to the soybean tissue concen- 
trations listed in the second entry in Table 9.6 (92 days after emergence): 
425gNkg ',2.5gPkg '; and 11.0 g K kg™'. 

First, we calculate tissue nutrient concentration ratios to create parameters that 
match the axes in Fig. 9.13, shown in columns 5-7 in Table 9.6: N/P — 17.00, 
N/K — 3.86, and K/P — 4.40. 

Next, we locate 17.00 along the N/P axis (top leftmost point in Fig. 9.13) and see 
that it falls between the inner and outer circles. We then find the nutrients and arrows 
to the left and right of the axis where the point is located. To the left of the N/P axis is 
a P\ and to the right is an N/. In the typeset used in this chapter, “\V’ denotes an arrow 
slanted downward and “/” denotes an arrow slanted upward. For each nutrient, we 
tally only the horizontal or downward-facing arrows. We record a '^" next to P, as 
shown in the first step of the tally in Table 9.7. 

Next, we locate N/K — 3.86 along the N/K axis, which falls outside the outer 
circle (point in the upper right of Fig. 9.13). To the right of the N/K axis outside the 
outer circle is a K| and to the left of the N/K axis is an NT. We record only the 
downward-facing arrow and add it to K in the second step of the tally in Table 9.7. 
The \ arrow next to P from the first step is copied down into the second step. 

Next, we locate K/P — 4.40 along the K/P axis, which falls between the inner and 
outer circles (the point in the lower right in Fig. 9.13). To the right of this axis next to 
the point is a KV and to the left of this axis is a P/. We record only the downward 
slanted arrow next to K in step 3 in Table 9.7, again copying all arrows from the 
previous step. 
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Table 9.7 Ranking of the N, P, and K tissue concentrations listed in Table 9.6 for the entry 
associated with samples taken 92 days after soybean (Glycine max (L.) Merr.) emergence 


Nutrient with a Tally of horizontal 
Progressive Parameter | Parameter | horizontal or downward | and downward 
steps in the tally | interpreted | value arrow? arrows" 
1 N/P 17.00 P\ N A K 
2 N/K 3.86 K| N P KI 
3 K/P 4.40 K\ N A KA 
Nutrient not N > N= PV K|N 
assigned an 
arrow 
Final ranking (from most limiting to least yield-limiting) K>P>N 


“An arrow slanting downward is denoted by ^^" in the typeset of this chapter. These arrows are read 
from the DRIS chart in Fig. 9.13 

’Downward slanting arrows are given a lower ranking (less limiting) than straight downward arrows 
(more limiting), so in order of most to least yield-limiting, the combination *|V' denotes a more 
limiting nutrient than “\’ alone 


By convention, after all, three parameters have been read from the DRIS chart, the 
nutrient not yet assigned an arrow receives a horizontal one (—), which we have 
added in the fourth entry in Table 9.7. 

The last step is to order the nutrients from most limiting to the least limiting. 
Straight downward arrows are more yield-limiting than slanted downward arrows. In 
the example in Table 9.7, K with both a | and a “‘V’ is more limiting than P with only 
a “\.” Finally, N is the least limiting since it has no downward arrows. The final 
ranking, from most to least yield-limiting is therefore: K > P > N. Repeating this 
process for the other two entries in Table 9.6 (73 and 102 days after emergence) fills 
out the remaining rankings for the earlier sampled and later sampled soybean tissue. 
We see that in each entry in Table 9.6, K is identified as the most limiting nutrient, 
with P possibly the next limiting, and N the least limiting. 


9.3.2.2 DRIS Indexes 


DRIS indexes rank multiple nutrients quantitatively. Nutrient indexes combine 
functions of each parameter. For the soybean example, three functions exist f 
(N/P), f(N/K), f(K/P) (Sumner 19772). Each function (not displayed here) is com- 
posed of (1) the distance a particular parameter is from its norm, (2) a weighting 
factor, and (3) a sensitivity coefficient that is simply a multiple of 10. The distance is 
negative when the parameter is less than its norm and positive when the parameter is 
greater than its norm. The distance is zero when the parameter equals its norm. 
Distances are on a continuous scale. The weight in the function is the inverse of the 
coefficient of variation (CV) associated with the parameter norm. The DRIS index 
for a particular nutrient is an average of the functions containing that nutrient. 
Keeping to the three nutrients N, P, and K, their respective indexes are: 
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N Index = Jy = | f(N/P) +f(N/K)]/2 
P Index = Ip = [-/(N/P) — F(K/P)]/2 (9.1 
K Index = Ix = [/(K/P) — /(N/K)]/2 


Because weights are in the functions, the average that calculates an index is a 
weighted average. The index calculation assigns a negative sign to a function that 
has the nutrient of interest in the denominator and a positive sign to a function with 
the nutrient of interest in the numerator. Therefore, for the K index, f(N/K) is 
negative and f(K/P) is positive. Indexes provide a continuous scale for ranking 
nutrients as opposed to the DRIS chart which provides only qualitative rankings. 

When Sumner (1977a) used indexes rather than a chart to rank the data in 
Table 9.6, his ranking was K > P > N, and this ranking was the same across all 
plant ages. This is notable, since the actual concentrations of N, P, and K in tissue 
decreased over time in Table 9.6. Sumner considered the stability of rankings with 
plant age one of the major contributions of DRIS to tissue test interpretations. 
Interpretations for sufficiency ranges, discussed previously, are for specific growth 
stages. Sumner (1990) argued that the ranking stability arose from the use of tissue 
concentration ratios. Nutrient concentrations are normally reported on a dry matter 
basis, such as g K (kg dry matter) !. In ratios of two concentrations, such as K/N, the 
dry matter units cancel each other, making the ratios less sensitive to changes in dry 
matter content as tissue ages. 

When setting up nutrient ratios, Sumner (1990) advised accounting for how 
nutrient concentrations of each element changed as tissue aged. The most consistent 
ranking of nutrients over time occurred when all nutrient concentrations in the 
analysis changed in the same direction, for instance becoming less concentrated, 
as is the case for N, P, and K. However, some nutrients increase in concentration at 
later growth stages, like Ca in sugarcane (Saccharum officinarum L.) leaf tissue 
(Sumner 1990). Taking the inverse (1/Ca) of concentrations that increase with tissue 
age shifts their direction to match those that decrease. So instead of using a ratio of 
N/Ca, one would instead use a ratio of N/(1/Ca), which results in the product 
N x Ca. Creating such consistency in directional change produced much more 
consistent rankings across tissue ages (Sumner 1990), and increased the accuracy 
of predicting yield responses (Hallmark et al. 1988). In addition, Hallmark et al. 
(1988) observed that not taking the inverse of Ca concentration resulted in Ca often 
appearing in rankings as the most limiting nutrient. 

Jones (1981) suggested two modifications to the DRIS procedure. DRIS used one 
function when a parameter was greater than its norm and another function when a 
parameter was less than its norm. Jones (1981) pointed out that the functions did not 
weight parameter values equivalently. The difference in weighting biased the 
indexes. In his first modification, Jones advocated for a single functional form that 
weighted variances equivalently regardless of how a parameter value compared to its 
norm (Eq. 9.2). In that equation, the parameter function f( p;;) is equal to the value of 
parameter j in a given tissue sample i (pj) minus the norm of that parameter (M;) 
divided by the standard deviation of the norm of that parameter (sd;). Both M; and sd; 
are calculated using the high yield subpopulation. The weight in Eq. (9.2) is 1/sd;. 
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The equation calculates negative values when the parameter is less than its norm, 
positive values when it is greater, and zero when the two are equal. In later work, 
DRIS adopted Jones’ single equation as the parameter function (Hallmark et al. 
1987). 


f (Pi) = (Pi m M j) /sdj (9.2) 


Jones (1981) also questioned the use of only variance ratios, like those in 
Table 9.5, to select which parameters to include. He observed that parameter 
means between high and low-yielding subpopulations could be significantly differ- 
ent even though their variances were not. In his second modification, he argued for 
testing means in addition to variances for selecting parameters. He also noted that 
more parameters would be statistically selected as the number of observations in the 
yield subpopulations increased. 

One of the assumptions of the DRIS system was that yield distributions across 
levels of any ratio were normally distributed. Beverly (1987a, b) demonstrated that 
in some cases, those ratios were positively skewed. Lack of normality created 
different norms for the same ratio when the numerator and denominator in that 
ratio were switched. Taking the natural log of the concentration ratio corrected this 
problem. The log transformation was the major modification. That change also led to 
a simplification of the index calculation. 

Elwali and Gascho (1984) created the nutrient balance index (NBI) for DRIS, also 
termed by some the nutrient imbalance index (NII). It is the sum of the absolute 
values of all of the nutrient indexes. For N, P, and K the NBI is: 


NBI =| Iu | + | Ie | + | Ix | (9.3) 


The closer the nutrient balance index is to 0, the more balanced are the nutrient 
concentrations. The NBI does not indicate which nutrients are out of balance. It 
indicates only the overall magnitude of imbalance. 


9.3.3 The Modified DRIS System (M-DRIS) 


DRIS, as originally created, did not have a method for predicting the probability of 
crop response to applications of nutrients that it ranked as most yield-limiting. 
Researchers have tested several methods targeted at fulfilling this need. Jones 
(1981) observed in his sugarcane data set that negative, rather than positive, index 
values more accurately identified when crops would respond. Walworth et al. 
(1986), working with alfalfa (Medicago sativa L.), proposed including an index 
for dry matter (DM) when ranking nutrients. The DM index served as an internal 
standard. Nutrients with indexes less than the DM index were likely yield-limiting 
and alfalfa was more likely to respond to additions of those nutrients. Alfalfa 
performed better when applying all nutrients with indexes less than the DM index 
compared to applying only the nutrient with the most negative index. Walworth 


248 T. S. Murrell and D. Pitchay 


(1986) did provide the caveat that using the DM index as a delineation level for crop 
response might work best for crops where total DM production is desired, like forage 
crops. Hallmark et al. (1987) included DM as a factor when diagnosing nutrient 
balance in soybean leaves. They confirmed that including DM improved predictions 
of crop response for grain crops too and that such improvements were not limited to 
only forage crops. 

Including DM as a factor is what differentiates the modified DRIS (M-DRIS) 
from DRIS. Additionally, M-DRIS uses the single-parameter function (Eq. 9.2) 
proposed by Jones (1981). As Walworth et al. (1986) noted, including DM as a 
factor made M-DRIS more susceptible to changes in plant age than DRIS. 


9.3.4 Plant Analysis with Standardized Scores (PASS) 


Baldock and Schulte (1996) developed the Plant Analysis with Standardized Scores 
(PASS) system to combine the respective strengths of sufficiency range and DRIS 
interpretations. They did this to better relate indexes to probabilities of crop 
response. The PASS system consists of two sections. The PASS Dependent Nutrient 
Index (PASS DNI) is an interpretation based on DRIS. The PASS Independent 
Nutrient Index (PASS INI) is an interpretation based on sufficiency ranges. 

PASS DNI creates indexes for nutrient ratios. It uses the Jones (1981) parameter 
function in Eq. (9.2). Like DRIS, the PASS DNI for a given nutrient is the average of 
all parameter functions using nutrient ratios containing that nutrient. Unlike DRIS, 
PASS DNI includes only "common response nutrients." To be classified as a 
common response nutrient: (a) the crop must have a high requirement of that 
nutrient, and (b) the correlation of the concentrations of that nutrient to the yield 
responses of that crop must have a well-defined critical concentration. Failure to 
meet both of these criteria categorize a nutrient as a "rare response nutrient." 

PASS INI is an index for nutrient concentrations, not nutrient ratios. It uses the 
critical concentration (Cj) as the reference for its values. The function that transforms 
nutrient concentration to the PASS INI is based on Eq. (9.2). Instead of using the 
parameter mean (Mj), Baldock and Schulte substituted the critical concentration plus 
one standard deviation (C; + sd;) based on the assumption that M; ~ (C; + sd;). They 
also introduced a sensitivity coefficient by multiplying the numerator in Eq. (9.2) by 
10: 


PASS INI; = 10[p; — (C; + sd;)] /sd; 
which simplifies to 


PASS INI; = [10(p; — C ;) /sd;] — 10 (9.4) 
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According to Eq. (9.4), when a sample nutrient concentration is equal to the 
critical concentration, PASS INI equals —10. Values between or equal to —10 and 
10 are sufficient, which is equivalent to the range M; + sd;. Index values less than 
— 10 are deficient. The more negative an index becomes, relative to — 10, the greater 
the chances become that a crop will respond to an application of that nutrient. Index 
values greater than 10 indicate that the nutrient concentration is high and that crops 
are not likely to respond to additions of that nutrient. PASS INI uses the same 
division of nutrients as PASS DNI (common response and rare response). 

PASS uses three interpretation categories: (1) probable nutrient deficiency, 
(2) slightly possible nutrient deficiency, and (3) nutrient sufficiency. PASS places 
common response nutrients with PASS INIs below —10 in the "probably nutrient 
deficient" category. It places rare response nutrients with PASS INIs below —10 in 
the "slightly possible nutrient deficiency" category. Also into this category go 
nutrients that have both PASS INIs less than zero and PASS INI and PASS DNI 
sums that are less than —10. Into the third category, “nutrient sufficiency,” go all 
nutrients not already in the first two categories. 

When making fertilizer decisions, a combination of PASS INI and PASS DNI is 
helpful. PASS INI identifies nutrients that are yield-limiting. If more than one 
nutrient is yield-limiting, PASS DNIs order them in a rank from most yield-limiting 
to least. This ranking helps prioritize which nutrients to apply. 

To simplify interpretations and give greater weight to PASS INI values that were 
more negative, Baldock and Schulte (1996) created the PASS yield index (PASS 
YI). The PASS YI reassigns all values greater than —10 to zero, since no crop 
response is expected at those index levels. All values less than —10 are squared, 
giving exponentially greater weight to diminishing tissue concentrations. The PASS 
YI subtotals all of the squared values across all nutrients within each group: both 
common and rare response nutrients. The subtotal of the sums of squares in the 
common response group is multiplied by 2 to give it more weight than the subtotal of 
the sums of squares of the rare response group. After the multiplication, the two 
subtotals are added to calculate the PASS YI across all nutrients. Because PASS YI 
uses squared values, its minimum is zero. That minimum value means all nutrients 
considered are at or above their respective critical concentrations and no crop 
response to any of them is likely. With no restrictions from nutrient limitations, 
yields are expected to be higher. Conversely, as PASS YI values become greater, 
more nutrient restrictions exist and yields will likely be lower unless nutrients are 
applied. 

The PASS approach has not been tested by researchers to the extent DRIS has 
been. We were able to locate only two relatively recent studies that compared PASS 
to other methods of interpretation (Simón et al. 2013; Urricariet et al. 2004). Both 
showed PASS to be a promising diagnostic approach. 
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9.3.5 Compositional Nutrient Diagnosis (CND) 


Compositional nutrient diagnosis (CND) arose from analysis techniques developed 
for geological sediment compositions (Aitchison 1982, 1983). Compositions are 
made up of individual compounds. Each compound comprises a given percent of the 
total composition. The percentages of all compounds add up to 100%. Traditional 
Statistical approaches assume that levels of factors are unbounded; however, in 
compositions, there is an upper bound (100%) to the level of any one factor. In 
addition, if the percentage of one compound increases, the percentage of at least one 
other compound must decrease. Therefore, compositions are not independent. 
Finally, compositional data are not normally distributed, as Beverly (1987a, b) 
pointed out when working with DRIS. Consequently, compositions require their 
own Statistical approaches. 

Parent and Dafir (1992) adapted the work of Aitchison (1982, 1983) to plant 
tissue nutrient compositions. They termed their approach “compositional nutrient 
diagnosis” or CND. Parent created two approaches to CND: (1) one that uses 
centered log ratios (CND-cir) and (2) one that uses isomeric log ratios (CND-ilr). 
Both approaches examine the interactions of nutrients in plant tissue. Compositional 
nutrient diagnosis falls under Baldock and Schulte’s (1996) classification as a DNI. 
CND-clr was developed first and shared many characteristics with DRIS (Parent and 
Dafir 1992). Both CND-cir and DRIS analyze all possible combinations of nutrients 
first, leaving the user to interpret the results afterward. CND-i/r was developed to 
provide the user the ability to incorporate knowledge of nutrient interactions into the 
analysis ahead of time (Parent 2011). Therefore CND-i/r allows users to test for 
certain interactions in a given sample. 


9.3.5.1 CND-clr 


CND-clr examines all possible interactions of one nutrient concentration with all 
other measured concentrations (Parent and Dafir 1992). In this regard, it is funda- 
mentally different than the DRIS approach which considers the interaction of only 
two nutrient concentrations at a time. Parameters in CND-cir differ from those in 
DRIS. Interaction parameters formed from N, P, and K in DRIS are nutrient 
concentrations ratios like N/P, N/K, and K/P. In CND-cir, interaction parameters 
for N, P, and K are logarithms of ratios, like log[N/(N x P x K x R)'^], log 
[P/N x P x K x R)'^], and log[K/(N x P x K x R)'^]. The denominator in all 
three CND-c/r parameters is the same and is the geometric mean of all measured 
nutrient concentrations and the “filling-up value" R. The filling-up value is the 
percent remaining after summing all of the nutrient concentrations: 
R = 100 — (N+ P + K). The filling-up value is always an additional term in the 
geometric mean. The general formula for the interaction of any one nutrient with all 
other elements is: 
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where V; is the parameter for nutrient j in sample i, x; is the concentration of nutrient 
j in sample i, and G; is the geometric mean of the following concentrations: nutrient 
j in sample i (xj); the filling-up parameter R; and the concentrations of all other 
nutrients in sample i. 

The filling-up parameter and the logarithmic function come from considering leaf 
tissue to be a closed compositional system (Parent and Dafir 1992). The percentages 
of all compounds and elements in tissue must add up to 100%. Increasing the 
percentage of one element decreases the percentage of at least one other element 
or compound. Adjustments in composition do not have to occur with other elements 
that are measured. They may occur with any number of compounds not measured 
but included in the filling-up value, resulting in a lower value for R. 

Just as in DRIS, CND-c/r computes indexes for each nutrient (Parent and Dafir 
1992). The equation CND-c/r uses to calculate indexes is similar to the equation 
DRIS uses (Eq. 9.2) to calculate parameter functions: 


Ij = (Vi Ez Vj") /sdj* (9.6) 


where /;; is the CND-clr index for nutrient j in a given tissue sample i, Vj; is the 
CND-clr parameter for nutrient j in sample i (Eq. 9.5), V is the CND-c/r norm for 
nutrient j (the average V; of the high-yielding subpopulation), and sd; is the standard 
deviation of V; in the high yield subpopulation. In DRIS, the yield level separating 
high and low-yielding subpopulations is usually chosen from experience. For 
CND-cir, Khiari et al. (2001) developed a statistical method to separate those 
populations. In DRIS, Eq. (9.2) calculates parameter values for each ratio of two 
nutrients. Since a given nutrient may be in more than two ratios, DRIS requires 
Eq. (9.1) to combine all ratios containing that nutrient. In CND-c/r, an equation like 
Eq. (9.1) is not needed, since each nutrient has only one log ratio (Eq. 9.5). Just like 
in DRIS, CND-cir indexes classify nutrients in order of their limitation (Parent et al. 
19942), with more negative values indicating greater deficiency and more positive 
values indicating greater excess. 

Akin to the DRIS NBI (Eq. 9.3), CND-cir provides quantitative evaluation of 
overall nutrient balance. Two metrics have been developed for this purpose. The first 
one developed was a Euclidian distance d (Parent et al. 1994a, b). The greater the 
value of d, the more overall nutrient imbalance exists. The second metric developed 
was the CND 7? value, defined as the sum of the squares of all CND-c/r indexes for a 
particular sample (Khiari et al. 2001). The farther CND 7? is from zero, the greater 
the nutrient imbalance. 

For practical use in production settings, a tool has been developed to implement 
CND-cir analyses for guava (Rozane et al. 2012). Users enter nutrient concentrations 
as received from an analytical laboratory, and the tool returns CND-c/r indexes for 
each nutrient, presented in three ways: numerically, displayed in a radar chart, and 
displayed in a bar chart. The tool also provides the associated CND 7” value. 
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9.3.5.2 CND-ilr 


CND-ilr compares two user-specified subsets of nutrients. The user selects these 
groups ahead of analysis. Table 9.8 provides an example of how a user can create a 
subset (Parent 201 1). The first row (Sample) is the concentration of nutrients in a leaf 
tissue sample. The second through sixth rows are sets that define the groups to 
compare. Each set examines two groups. In a given set, all nutrients with a 1 are in 
one group and all nutrients with a —1 are in the other group. By assigning 1s and 
—ls, users can group nutrients in meaningful ways. The number of sets is equal to 
one less than the number of components of the composition, including the filling-up 
value R. Because the composition is made up of six components (N, P, K, Ca, Mg, 
and R), 5 sets can be compared. 

After creating subsets, the next step is to calculate isometric log ratio (ilr) 
coordinates for each set i. The general formula is: 


ilr; = [(r x s)/(r + 5]? x In[gG-)/8—)] (9.7) 


where ilr; is the ilr coordinate of set i, r is the number of components assigned a 1 in 
set i, s is the number of components assigned a — 1 in set i, g(x+) is the geometric 
mean of the percentages of components assigned a 1 in set i, and g(x—) is the 
geometric mean of the percentages of components assigned a —1 in set i. For 
example, for set 4 in Table 9.8, K versus Ca Mg, the ilr coordinate for the sample 
(ilrj) is [(1. x 2)/(1 + D]! x In[(2.64)/(1.15 x 0.11)'?] = 1.637. According to 
Parent (2011), the average ilr coordinate for this set in the high-yielding subpopu- 
lation is ilr, = 1.154. The difference ilr, — ilr," determines how far the ilr of sample 
set 4 is from that of the same set in the high-yielding subpopulation: 
1.637-1.154 = 0.483. This difference is the second highest of the sets and indicates 
that K is out of balance with Ca + Mg (set 4, Table 9.8). The difference that was 
greater belonged to set 5, which showed that Ca was out of balance with 
Mg. Because it had a greater difference, Ca and Mg were more out of balance than 


Table 9.8 Orthogonal partitions of N, P, K, Ca, Mg concentrations, and R (the filling-up value) 
nutrient concentrations subgroups for an apple (Malus domestica Borkh.) leaf analysis. (Parent 
2011) 


Components 
N P K Ca Mg R Interpretation 
Concentration (96) 
Sample: |2.50 0.22 2.64 1.15 0.11 | 93.38 
Orthogonal partitions 


Set 1: 1 1 1 1 1 -1 Nutrients versus filling-up value 
Set 2: 1 1 -1 =l -1 0 Anions versus cations 

Set 3: 1 -1 0 0 0 0 N versus P 

Set 4: 0 0 1 =l -1 0 K versus Ca + Mg 

Set 5: 0 0 0 1 -1 0 Ca versus Mg 
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were K and Ca + Mg. Parent (2011) concluded that the Mg supply needed to be 
increased and K fertilization needed to be either decreased or halted. The power of 
CND-ilr is the ability to test specific nutrient combinations for their relative balance. 


9.3.6 Multiple Regression Approaches 


Statistical approaches, like multiple regression, are another avenue for considering 
more than one nutrient at a time when evaluating nutrient concentrations in plant 
tissue. Lissbrant et al. (2010) used a combination of cluster analysis, logistic 
regression, and concentration ratios like that in DRIS to predict alfalfa yield in an 
experiment examining various rates of applied P and K. Cluster analysis classified 
crop yield into groups, then those groups were further classified as “acceptable” 
(high and medium-high-yielding groups) or “unacceptable” (all lower-yielding 
groups). To best predict acceptable or unacceptable performance for May cuttings, 
binary logistic regression identified a combination of tissue P, K, and the K/P ratio as 
model factors. For the later June cutting, the regression model included only tissue K 
and the K/P ratio. Other statistical approaches have also been developed, like 
multiple regression using combinations of concentrations of multiple nutrients 
(Martinez et al. 2003; Srivastava et al. 2001). 


9.3.7 Metabolite Profiles 


Potassium-deficient plants have different metabolite profiles than plants with suffi- 
cient K. For instance, shoot tissue of K-deficient Arabidopsis exhibited higher 
concentrations of the soluble sugars sucrose, glucose, and fructose; higher concen- 
trations of several basic or neutral amino acids; and lower concentrations of the acid 
amino acids glutamic acid and aspartic acid (Armengaud et al. 2009). In their review, 
Amtmann et al. (2008) concluded that while increased concentrations of soluble 
sugars, organic acids, and amino acids were often observed in tissue from 
K-deficient plants, there was great variability and not all crops showed increases. 
Some crops, in fact, showed decreases in some of these same metabolites. A 
particularly insightful observation by Armengaud et al. (2009) was that the observed 
changes in metabolite concentrations, “...were not always related to tissue K 
content." This demonstrates the shortcomings of using tissue K concentration as 
the sole metric of K deficiency. While metabolite profiles have the potential to be 
diagnostic of K deficiency, there is much yet to be learned before they can be 
incorporated into fertilizer recommendations and on-farm decision-making. 
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9.3.8 Potassium Content in Plant Sap 


Another approach to diagnosing K status is to analyze the K content of plant sap. Sap 
is extracted by pressing plant tissue with tools such as a pliers (Syltie et al. 1972), a 
garlic press (Gangaiah et al. 2016), or a press attached to a syringe (Burns and 
Hutsby 1984). Freshly sampled petioles and leaf midribs are the typical samples. 
Hand-held analytical equipment makes in-field testing possible. Hand-held meters 
with ion-selective electrodes provide quantitative evaluations of the K concentration 
in the sap. Also available are test strips or spot tests that react the sap with reagents to 
create a color. The user compares that color with standardized colors representing 
different K concentrations. Unless the color matches perfectly with that of a stan- 
dard, the user must interpolate concentrations between two adjacent color standards 
(Burns and Hutsby 1984). With test strips or spot tests, there is a limited range of 
detection, and the user cannot infer values beyond either end of that range (Syltie 
et al. 1972). 

When sampling sap, it is important to recognize that its chemical composition 
changes throughout the day. Meitern et al. (2017) sampled branches of hybrid aspen 
(Populus tremula L. x Populus tremuloides Michx.) saplings. They found that the K 
concentration in xylem sap increased quickly after 6:00 am, plateaued at 12:00 pm to 
3:00 pm, then decreased again. These changes started after dawn as photon flux 
density increased, air temperature increased, and relative humidity decreased. For 
this reason, diagnostic interpretations need to specify the times of day for collecting 
samples. 

Like tissue K concentration, sap K concentration also changes with organ and 
age. Age is usually specified by position on the plant. For instance, the “uppermost” 
leaf specifies the youngest leaf. Burns (1992) observed that when K supply was cut 
off from actively growing lettuce (Lactuca sativa L.), sap K concentration dropped 
more quickly in the youngest leaf than in the older ones. This meant the youngest 
leaf was more sensitive to changes in K supply, making it a good choice for 
diagnosis. Further support for sampling young tissue was provided by Vruegdenhil 
and Koot-Gronsveld (1989) when they observed that the K concentration in the sap 
was highest in the uppermost fully developed leaf of castor bean (Ricinus 
communis L.). 

Creating diagnostic interpretations for plant sap K concentrations requires corre- 
lations to yield or other metrics of crop performance, like those previously discussed 
for tissue K concentration. As an example, Hochmuth et al. (1993) grew eggplant 
(Solanum melongena L.) on a K deficient soil and applied incremental rates of K 
fertilizer. Several times during the season they used a hand-held ion-specific elec- 
trode to measure the K concentration in plant sap extracted from petioles of the 
youngest fully expanded leaves. At the same time, they also collected whole leaf 
samples, including petioles, and analyzed them for K concentration with traditional 
laboratory techniques. Third, they measured total marketable eggplant yield, 
summed over the yields of various market grades throughout the season. They 
determined critical plant sap K concentrations and confirmed sap analysis as a viable 
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Table 9.9 Sufficiency ranges for sap K concentration in petioles of the most recently matured 
leaves and K concentration in the most recently matured, whole leaves of various vegetable crops 
sampled during the day from 9:00 to 16:00. (excerpted from Hochmuth 1994a) 


Petiole sap K Whole leaf K 
concentration concentration 
Crop? Growth stage mg KL! gkg! 
Eggplant First fruit (5 cm long) | 4500-5000 35-50 
Pepper First open flowers 3000—3200 45—50 
Potato First open flowers 4500-5000 30-50 
Tomato First open flowers 3500-4000 35-40 
(field) 
Watermelon | Vines 15 cm long 4000—5000 35-40 


“Eggplant (Solanum melongena L.); pepper (Capsicum spp.), potato (Solanum tuberosum L.), 
tomato (Solanum lycopersicum L.), watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai) 


diagnostic tool. In a later review of 10 years of his and his colleagues' research, 
Hochmuth (19942) published interpretations of sap K concentration for other veg- 
etable crops, along with tissue K concentration (Table 9.9). Those interpretations are 
used in nutrient management guidance for growers (Hochmuth 1994b). 

Some studies focus on correlating sap K concentration to leaf K concentration 
and do not include correlations to yield. This is often done in exploratory studies 
examining new analytical methods (Gangaiah et al. 2016; He et al. 1998; Iseki et al. 
2017). Eventually, however, each new method must be correlated to yield or some 
metric of crop performance. 


9.4 Conclusions 


We have reviewed a number of ways scientists have determined the nutritional status 
of plants. Visual symptoms detect moderate to severe deficiencies where plant 
metabolism has already been irreversibly and negatively impacted. Measuring 
light reflectance is non-invasive and non-destructive, but to date, methods have 
not uncovered spectral combinations specific to K nutritional status. Tissue sampling 
is destructive but has been the most diagnostic approach to date. Sufficiency ranges 
consider nutrients in isolation and do not account for nutrient interactions. Interpre- 
tation methods that do account for interactions are DRIS, M-DRIS, PASS, CND-cir, 
CND-ilr, and multifactor statistical models. Metabolite profiles show promise, but 
more research is needed to determine if the level of certain metabolites or their 
interactions with other components are diagnostic of K deficiency. Sap analysis 
provides rapid results while in the field. Interpretation of results has been so far 
limited to sufficiency ranges. Sap analysis results can be highly variable because of 
diurnal fluctuations in K content. 

Moving forward, an important theme throughout all of the tissue sampling 
interpretations is the value of large, crop-specific data sets composed of nutrient 
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contents and associated yield and quality levels. At the least, such a data set must 
centralize data from as many high-yielding production settings as possible. Large 
data sets representing high-yielding and/or high-quality crops have been used for 
creating sufficiency ranges as well as norms for DRIS, M-DRIS, PASS, CND-cir, 
and CND-ilr. Indeed, this was Beufils (1973) original vision. He saw the need for 
large, multinational databases that contained large amounts of meta-data for each 
yield observation. He divided these meta-data into two categories: (1) "external 
characters" comprised of soil properties, climatic conditions, and farming practices, 
and (2) "internal characters" comprised of data on the chemical and physical 
characteristics of various plant organs, including nutrient concentration. In his 
vision, data could come from farmers' fields or controlled experiments. Data from 
both sources would be merged and used to create norms. Further, querying large 
databases rich in meta-data could potentially guide a user to enough relevant studies 
to develop quantifiable recommendations, such as rates of specific K sources to 
apply, to rectify any given nutrient deficiency. While many isolated databases have 
been developed, there is a lot more to be done, both in centralization as well as in 
completeness of meta-data, to realize a vision Beaufils had decades ago but which is 
just as relevant today. 
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Chapter 10 A) 
How Closely Is Potassium Mass Balance dim 
Related to Soil Test Changes? 


David W. Franzen, Keith Goulding, Antonio P. Mallarino, and 
Michael J. Bell 


Abstract The exchangeable fraction of soil potassium (K) has been viewed as the 
most important source of plant-available K, with other sources playing smaller roles 
that do not influence the predictive value of a soil test. Thus, as K mass balance 
changes, the soil test should change correspondingly to be associated with greater or 
reduced plant availability. However, soil test changes and the availability of K to 
plants are influenced by many other factors. This chapter reviews research on soil 
test K changes and the relation to crop uptake and yield. A mass-balance relationship 
is rarely achieved from the measurement of exchangeable K because of the potential 
for buffering of K removal from structural K in feldspars and from interlayer K in 
primary and secondary layer silicates. Similarly, surplus K additions can be fixed in 
interlayer positions in secondary layer silicates, or potentially sequestered in spar- 
ingly soluble neoformed secondary minerals, neither of which is measured as 
exchangeable K. In addition, soil moisture, temporal differences in exchangeable 
K with K uptake by crops, K leaching from residues, clay type, organic matter 
contribution to the soil CEC, and type of K amendment confound attempts to relate 
K additions and losses with an exchangeable K soil test. Research is needed to create 
regionally specific K soil test procedures that can predict crop response for a subset 
of clays and K-bearing minerals within specific cropping systems. 
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10.1 Introduction 


If K nutrition of crops were a simple system, with additions of K held by the soil and 
released as needed, then the K supply and relative availability could be accurately 
predicted by a simple soil extraction. However, the reality is that the prediction of K 
availability can be as difficult to understand as that of N and P. While N availability 
prediction is confounded by temperature, rainfall, soil moisture condition, biological 
transformation through oxidation and reduction products, and nutrient cycling in 
plants and soil organisms, K nutrition is affected by most of those factors, with the 
exception of biological redox products, but with the addition of the physical and 
chemical properties of the soil and its mineralogy, mainly of the K-bearing minerals. 
Although students are often taught that the exchangeable K “pool” in the soil is the 
major source of plant-available K and the reservoir for most fertilizer K applied, the 
reality is that the equilibrium reactions between the soil solution K, adsorbed K, 
interlayer K in primary and secondary layer silicates and in structural pools in 
minerals such as potassium feldspar can be rapid and have a significant influence 
on the soil test and crop production. 

The dynamics of sources of K and interactions between sources have been 
summarized and described in many diagrams, mostly in the flowchart in Fig. 7.1 
developed after the 2017 Frontiers in Potassium Science Workshop in Rome (Bell 
et al. 2017a, b), and discussed in detail in Chap. 7 of this book. Discussion of the 
dynamics depicted in Fig. 10.1 suggests that equilibria between exchangeable K, 
solution K, and K additions as fertilizer are always rapid, with each being measured 
in hours or days, not weeks, months, and years (Krauss and Johnston 2002). We will 
attempt to capture the difficulty of using a mass-balance approach to crop K nutrition 
from the biological, temporal, clay mineral, and primary mineral components 
depicted in Fig. 10.1. 


10.2 The Mass-Balance Approach 


The basic premise of a mass-balance approach is that when K is added to the soil, 
most often as soluble K fertilizers, such as potassium chloride or potassium sulfate, 
the K ions are retained at the soil cation exchange sites with the potential to be 
released later into the soil solution and taken up by the crop. The most commonly 
used measurement techniques for quantifying K on the exchange sites is displace- 
ment with NH4* in a variety of extraction techniques, such as 1M-ammonium 
acetate. In the USA and the UK, the mass-balance approach is a common strategy 
for K fertilization, particularly where a buildup and maintenance approach to crop 
fertilization is recommended, but also to maintain desirable soil-test values when 
response-based information is used to decide fertilization rates for low-testing soils. 
In the strict buildup-maintenance approach, the fertilizers are applied at rates 
intended to replace crop grain or forage removal and, if necessary, the soil test is 
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be lost through erosion 
(fluxes not shown) 
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Time scale: a cropping season Spatial scale: cumulative rooting volume for a crop 


Fig. 10.1 Sources of soil K and interactions between sources. (Chap. 7) 


increased through the addition of extra fertilizer to attain a certain soil test concen- 
tration regarded as critical or optimum for K supply. In Illinois, USA for example, it 
is assumed that the amount of fertilizer K recommended to increase the K soil test by 
1 mg kg! in the medium to higher CEC (cation exchange capacity) soils of central 
and northern Illinois is about 10 kg K ha! (Fernandez and Hoeft 2015), but this is a 
broad average. In contrast, Missouri USA recommendations indicate that 63 kg K 
ha! will increase K soil test by 1 mg kg! (Buchholz 2004). In the UK, a rough 
estimate of soil test increase with K addition is that 3-5 kg K ha ! results in a 
1 mg kg! increase in soil test K (Potash Development Association 2011). Since 
these recommendations are empirically based within the region affected, one can 
assume that there are soil characteristics that contribute to the different responses of 
the resulting soil test K with K fertilizer addition. 

In Illinois, the mean fertilizer K application rates and mean yields in two 12.5 ha 
fields were documented for 40 years starting in 1960 (Franzen 1993). The rates of 
applied K were greater than crop removal until 1982, which resulted in increased soil 
test K concentrations. From 1982 until 1992 no additional fertilizer K was added and 
K removal by corn (Zea mays L.) and soybean (Glycine max L. Merr.) harvests was 
estimated for all years. The results are shown in Fig. 10.2. The rate at which the soil 
K test increased with K fertilizer addition was different from the rate of decline with 
crop removal. The results show a “hysteresis” effect. At a site near Thomasboro, IL, 
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Fig. 10.2. Cumulative net K added per hectare to Thomasboro (upper left) and Mansfield (lower 
left) Illinois 12.5 ha fields over a period of years, compared to K removed by crop removal at 
Thomasboro (upper right) and Mansfield (lower right) after K fertilization ceased in 1982 at both 
sites 


USA, the rate of soil test K increase was 1 mg kg ! for 6.6 kg K ha^! added as 
fertilizer over crop removal. After K fertilization ceased, the rate of soil test K 
decline was 1 mg kg ! for 2.4 kg K ha™ in crop removal. At a site near Mansfield, 
IL, USA, the rate of soil test K increase was 1 mg kg ! for 5.8 kg ha’ added as 
fertilizer over crop removal. After K fertilization ceased, the rate of soil test K 
decline at Mansfield was 1 mg kg ! for 2.2 kg K ha! in crop removal. 

In the Parana state of Brazil, a K application experiment on 12 tropical soils with 
basalt, shale, sandstone, and alluvial parent materials resulted in reductions in 
exchangeable K after the initial 2-year soybean/pearl millet cropping sequence 
with comparably small reductions in exchangeable K during the following 4 years 
(Steiner et al. 2015). In K-fertilized treatments in the same soils, exchangeable K 
increased in all soils and reached a plateau of values after the first two crops. The 
subsequent exchangeable K values were similar through the following four crop 
years despite continued K fertilization. Thus, the mass-balance approach appeared to 
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be operating during the first 2 years, but not in the subsequent 4 years. What was not 
considered by the researchers, but has been observed in Australia (Bell et al. 2009) is 
that K can be extracted by roots from deeper soil layers not measured in traditional 
soil testing approaches (e.g., the cultivated layer), especially when surface soil K 
availability is depleted (unfertilized treatments), or leached to deeper soil depths and 
retained at these depths when surplus K applications are made (Bell et al. 2017a, b). 
In both instances, the surface layer soil K tests may remain relatively unchanged. In 
unfertilized treatments, the K uptake from deeper soil layers, residue return to 
surface layers and the relatively small proportion of biomass K actually removed 
in harvested grain (especially in cereals) will help to stabilize topsoil K concentra- 
tions. Conversely, in fertilized K treatments, the K-specific adsorption sites may 
become saturated with K, with subsequent K fertilization resulting in leaching of 
surplus K into subsoils. Bell et al. (2009) support K determination in their soils at 
deeper depths than those usually considered to account for these aspects. 

In Alabama, USA, Cope (1981) summarized 50 years of K fertilization in four 
sandy low CEC (<5 cmol(+) kg!) soils and one silt loam soil with CEC about 
10 cmol(+) kg '. He found that, in the unfertilized plots, the soil test K concentration 
initially decreased, but reached an equilibrium after 28 years at most; the second 
sampling being in 1957, 28 years following study initiation. A K fertilizer applica- 
tion rate of 18 kg K ha ! resulted in no soil test change, while K application rates 
greater than 18 kg K ha ' resulted in soil test K increases in all soils. The soil test K 
during and at the termination of the experiment was related to the CEC of the soils. 
So, in this experiment with kaolinitic and quartz-based soil parent material soils, the 
mass-balance approach to K fertilization was effective. 

In a summary of a series of five 16-year K fertilizer rate experiments in Iowa 
(Villavicencio 2011), researchers found that when K was not applied, the rate of 
decrease in soil test K (15-cm depth) did not match the K removal rate from the grain 
in the short term (Fig. 10.3). There was very high temporal soil test K variability 
from year to year that the yearly K removal in the grain harvest seldom explained. 
The soil test and K removal trends approximately matched over several years, 
however, except when decreasing soil-test K reached a minimum plateau at around 
120 mg kg '. At this point, in spite of continuous K removal, the soil test decrease 
may have been buffered by soil release from other pools in the topsoil or subsoil, or 
supplemented by deeper profile soil K. The soil clays at the experimental sites were 
dominantly smectitic. In addition, as the soil test K concentration decreased, corn 
and soybean yield was not always increased by K fertilization. Yield increases 
were frequent and common only at three sites where soil test K was initially 
«170 mg kg, which placed them in Iowa State University recommendation 
categories of “optimal” and lower. 

Results from the then 130-year-old Garden Clover experiment at Rothamsted, 
UK showed that the change in exchangeable K as a percentage of a positive K 
balance was on average only 39% of the K applied, while it was only 38% of the K 
removed when the K balance was negative (McEwen et al. 1984). 

Thirty-year experiments in the UK, Germany, and Poland compared K balances 
with or without K fertilizer or farmyard manure (Blake et al. 1999). The recovery 
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rate of K from mineral fertilizers was less than 62% and decreased with increasing 
CEC. At Rothamsted, the fixation capacity of the clays was also a significant factor. 
In Germany and Poland, there was lower utilization of fertilizer K when manures 
were applied because K from manures were taken up in preference. A Canadian 
study of the kinetics of K adsorption by organic matter showed that organic matter 
adsorbed-K is much more accessible by plants and adsorption of K onto organic 
matter exchange sites is more rapid (Wang and Huang 2001). These experiments 
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again showed that a mass-balance approach is not entirely useful because the source 
of K, the characteristics of the CEC sites, and the soils interact to confound any 
“check-book” balance that may be attempted. An attempt to understand this was 
suggested by Addiscott and Johnston (1971). They proposed that by increasing the 
soil organic matter content through application of farmyard manure, along with 
regulating the soil moisture supply to minimize K leaching, more K would be 
retained on the organic matter exchange sites and less would be moved into 
non-exchangeable forms. 

Despite all these problems, the mass-balance approach is still the basis for many 
national and regional recommendation systems as noted above. For example, 
Dobermann et al. (1996) recommended that efficient K management for rice should 
be based on the K balance, but modified by the achievable yield target and the 
effective K-supplying power of the soil. 

A variation on the mass-balance approach is the “Ideal Soil" CEC balance ratios 
championed by Bear in New Jersey (1951) and later by Albrecht at the University of 
Missouri (Albrecht 1975). The premise of this approach is that the amount of K in 
the soil is not as important as the ratio of K to that of the other major cations, Ca and 
Mg. A commonly used ratio of K in an “ideal” soil is somewhere between 2 and 5% 
of the base exchange capacity (Graham 1959). Although this approach is still used in 
parts of the USA by fertilizer and amendment sales organizations, its scientific 
validity has been refuted. A review of the use of this Base Cation Saturation Ratio 
approach was authored by Kopittke and Menzies (2007). The review concludes that 
the data do not support the existence of an ideal ratio and that its use would result in 
inefficient use of resources. The Albrecht approach has also been strongly chal- 
lenged in the popular agricultural press by a number of agronomists (Miles et al. 
2013). 


10.3 Temporal Nature of K Soil Test Values 


The previous studies have demonstrated that a purely mass-balance approach does 
not always account for soil test differences in exchangeable K values and that the use 
of some ideal ratio of cations in directing K application is not effective. The 
deficiency of a mass-balance approach is also reinforced by the temporal nature of 
exchangeable K soil test values that have been recorded in soils with mineralogy that 
supports K fixation and release. A 20-year study using twice-monthly soil sampling 
at the 0-15 cm depth for exchangeable K (1M-ammonium acetate) was conducted at 
Urbana, IL and Brownstown, IL, USA. Most of this data was lost and never 
published, but 9 years of the Urbana work was published in 2005 (Peck and Sullivan 
1995). Using tabular values, Franzen (2011) imposed a seasonal repeated analysis 
using the statistical package SAS (PROC UCM time series analysis using 24 data 
points per cycle) to the data and found that the relative K values were related to soil 
moisture at the time of sampling. Starting on April 1, 1986, in each year (Fig. 10.4), 
the extractable K is highest in winter when soil moisture is greatest and lowest in late 
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Fig. 10.4 (a) Soil test K. (b) Soil moisture. Seasonality of soil K (top image) over 9 years, 
compared with soil moisture (bottom image over 6 years. Soil samples 0-15 cm obtained twice 
monthly from April 1, 1986, through 1994. Soil moisture was available for the first 6 years only. 
(from Franzen 2011) 


summer when the soil is driest and K supply was decreased by corn uptake. The soils 
in this study were dominated by smectite clay. 

Recent K studies in North Dakota, USA using illite-dominant and smectite- 
dominant clays have indicated that the seasonal variation of the K soil tests is 
minor on soils with a smectite/illite ratio «3.5, but relatively high on soils with a 
smectite/illite ratio 3.5 (Fig. 10.5). The North Dakota climate is not favorable for 
winter soil sampling; however, the North Dakota data shows the greatest K extrac- 
tion by 1M-ammonium acetate in early spring, with values decreasing as the season 
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Fig. 10.5 Smectite/illite ratio in the clay fraction of North Dakota soils from a state-wide soil 
sampling survey conducted spring, 2017. (Franzen, unpublished data) 


progresses to drier months. These data are not as clearly related to soil moisture as 
those from Illinois. To determine whether the seasonality was related to crop uptake, 
both fallow and cropped (corn) check plots were sampled twice each month from 
planting to harvest. The seasonality of the K test and its decrease through the 
growing season was present at both the smectitic and illitic sites when the soils 
were cropped (Fig. 10.6). When the soils had a smectite/illite ratio <3.5, the K test 
tended to remain relatively constant, while in a soil with a smectite/illite ratio >3.5, 
the K test levels tended to decrease in the drier part of the summer (between 12 and 
17 weeks after planting) and increase when soils were moist (week 10, 18, 19). This 
is consistent with fixation during dry conditions, and release when the soils are 
moist. The fixation in these soils is temporary, and release and fixation of K are 
relatively rapid and reversible based on these data. 


10.4 Crop Residue Recycling in K Mass-Balance 
Considerations 


Part of the reason for the apparent seasonality in the K test is uptake of K by the crop 
and its release back into the soil after physiological maturity. Mean corn vegetative 
K content at physiological maturity in a series of Iowa K rate experiments (Oltmans 
and Mallarino 2015) was 93 kg K ha ! for sites with a K yield response and 101 kg K 
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Fig. 10.6 Change in dry soil test K concentrations from 10 weeks after planting to 20 weeks after 
planting in a soil with a smectite/illite ratio in the soil clay fraction « 3.5 and a soil with a smectite/ 
illite ratio > 3.5 under corn and fallow. (Breker and Franzen, unpublished; North Dakota, USA) 


ha! for sites with no K response. For soybean, the mean K accumulated in 
vegetative parts at physiological maturity was 95 kg ha^! for all sites. From phys- 
iological maturity, K is lost from the vegetative portion of the plants, with mean K in 
vegetative tissues in corn at harvest at sites with a K yield response of 66 kg ha ', and 
67 kg ha’! at sites with no K response. In soybean, the mean residue content of K 
declined to 41 kg ha^! at harvest. These data indicate that soil sampling at physio- 
logical maturity, which is a practice utilized by some crop consultants, may result in 
lower soil test K values than if the samples were taken at harvest or later in the fall. 
The residue K content of corn and soybean was about 25 kg ha ' and 54 kg ha ! less, 
respectively, at harvest compared to physiological maturity. Losses from crop 
residues also contribute to the soil K pool. 

The soybean residue in the Oltmans and Mallarino (2015) study continued to lose 
K throughout the fall until late January, when the K content reached about 10 kg ha '. 
Loss of K from corn residue steadily declined to about 30 kg ha ' in early December, 
then decreased again during the spring thaw. Precipitation following physiological 
maturity explained much of the residue K decline. Across all sites, the soil test K 
concentration (15-cm depth) was higher in spring than in the fall, and the magnitude 
of difference was linearly related with the K loss from residue, although the 
relationship was much better in soybean residue (Ca 0.56) than in corn residue (7 
0.16). These data indicate that soil sampling at physiological maturity, which is a 
practice utilized by some crop consultants, may result in lower soil test K values than 
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if the samples were taken at harvest or later in the fall due to K leaching into the soil 
from plant residues. 

The cycling of K from crop residue back to soil is a noted component of many 
plant ecosystems (Jobbagy and Jackson 2004). Plants mobilize K from deeper in the 
soil in natural systems, and their leaves and other vegetative parts are returned to the 
soil, resulting in an accumulation of K near the surface. Corn and soybean and other 
crops also return K to the soil surface; corn returning a much larger percentage than 
soybean (Oltmans and Mallarino 2015). Most grain crops at harvest, including wheat 
and corn, do not contain high K concentrations in the seed that is removed, with 
soybean being an exception. 

Although there is often a relationship between exchangeable K and crop yield 
response to K addition, the relationship is less frequent with absolute crop yield. The 
relationship is also seldom mass-balance based, as the previous discussion would 
indicate. In soils with a sandy texture (Mendes et al. 2016; Alfaro et al. 2004) and in 
clay soils with deep cracks followed by high rainfall (Alfaro et al. 2004), K losses 
from the soil system by leaching are common, resulting in much apparently available 
exchangeable K being unavailable to the crop early in the growing season; this can 
result in a yield penalty. In high-clay soils with significant content of smectitic clays, 
deep cracks, sometimes over | m in depth, may form. During rainfall, some of the 
topsoil washes into the cracks, resulting in loss of K to deeper soil depths (Alfaro 
et al. 2004). In most soils, the K leached from the 0-15 cm typical K-sampling depth 
would be retained at deeper soil depths; therefore, a multi-depth approach in soils 
with surface layer K leaching potential may be important to explaining mass-balance 
and response to K at lower soil test values. 


10.5 Clay Chemistry and K Response 


According to research by Sharpley (1989) in his study of 102 soils from the 
continental US and Puerto Rico, water-soluble K was closely related to exchange- 
able K within soils of similar clay-type, but not between clay-types. The release of K 
from exchangeable sources into solution increased from smectitic to “mixed” clays 
to kaolinitic clays. Sharpley recommended that an analysis of exchangeable K and K 
reserves (as nitric acid-extractable K) would provide a better indication of K supply 
for crops. This had been suggested by Goulding (1984) and Goulding and Loveland 
(1986) and is discussed in detail in Chaps. 7 and 8 in this book. 

An Australian study reported K fertilization practices in Red Ferrosol, low CEC 
soils, and Black and Grey Vertisols, which are moderate to high clay-content soils. 
Analyses of exchangeable K, soil solution K, and the activity of K in soil solution 
varied 6—7-fold between soil types (Bell et al. 2009). The management of K for 
optimal crop production varied with soil. The Vertisols had a high K buffer capacity 
(BCx) and applications of K were not as effective at increasing crop K accumulation 
as those in the low CEC Red Ferrosols, where BCy was significantly lower. A better 
K fertilization approach for the Vertisols was to apply a K fertilizer in concentrated 
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bands rather than a broadcast application that resulted in lower soil solution K 
concentrations within the soil volume. In the high clay Vertisols with high CEC 
(50-60 cmol(+) kg 5, a deep band of K with N and P was more effective at 
overcoming K deficiency due to root proliferation around the K band (Chap. 12). 

In a study of 23 K rate experiments in North Dakota in 2014 and 2015, the 
response of corn at sites below the current exchangeable K critical level of 150 mg K 
kg! was not predicted at 10 sites (Table 10.1). The relative corn yield of the 
unfertilized check in relation to soil test K at these sites is shown in Fig. 10.7, 
with the relationship between exchangeable K and relative yield very weak. A 
multiple regression analysis of relative yield with the potassium feldspar concentra- 
tion of the mineral fraction of the 23 sites and the relative clay mineral percentage of 
the clay fraction is shown in Table 10.2. This analysis suggested that the best 
prediction of yield response to K fertilization in these North Dakota soils would 
need to consider both clay mineralogy and the soil test K concentration. Unfortu- 
nately, many agricultural regions do not have access to clay mineralogy data, and so 
these refinements can be difficult to implement. 

Using a Ward minimum variance clustering technique, the sites clustered into 
those with smectite/illite ratios < 3.5 and those > 3.5 (Fig. 10.5). Using K response 
data from the sites falling into those categories, the resulting responses indicated that 
a critical level of 150 mg K kg ! was appropriate for site with a smectite/illite ratio < 
3.5 and a critical level of 200 mg K kg! was more appropriate for sites with a 
smectite/illite ratio > 3.5 (Fig. 10.8). 

Different articles in this book focus directly on the importance of different soil K 
pools (Bell et al. 2017a, Chap. 7) in relation to bioavailability, and on the relation- 
ship between various soil tests and plant-availability of soil K (Bell et al. 2017b, 
Chap. 8), but it is relevant to mention here some concepts and findings. Potassium 
application and its interaction with clays, particularly a change in clay type with K 
addition or loss, has been documented and could confound expected K test results. 
Barre et al. (2007) hypothesized that the illite-dominance of prairie soils in temperate 
regions was due to the production and stabilization of illite from K redistributed from 
deeper soil strata to surface strata through root uptake and residue deposition to the 
surface. Barre et al. (2009) provided a brief review of studies supporting the 
hypothesis of illite construction and deconstruction under prairie vegetation and 
offered a model that might predict clay stability under K addition or loss through 
intensive cropping without adequate K replenishment. A study from China in a 
loess-derived soil containing illite and chlorite focused on topsoil total K compared 
to a reduction in exchangeable K during 15 years of continuous alfalfa cropping. The 
topsoil exchangeable K decreased due to alfalfa forage uptake and removal; how- 
ever, the total K in the topsoil increased due to K additions from deep soil K taken up 
by the alfalfa roots and deposited in the upper strata of the soil, producing a highly 
crystalline illitic-like clay (Li et al. 2011). 

Singh and Goulding (1997), using X-ray diffraction, looked for changes in 
micaceous minerals that might accompany 150 years of continuous cropping by 
wheat, with and without K fertilizer, on the Broadbalk experiment at Rothamsted, 
UK, but found none, although deep plowing had changed the mineralogy and K 
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Table 10.1 A series of 23 K fertilizer rate studies in corn in North Dakota, with clay mineralogy of 
the clay fraction and potassium feldspar content of the mineral portion of the soil. Initial pre-plant 
soil test K concentrations (IM-ammonium acetate on dry soil) are also indicated along with 
expected yield increase compared to the yield increase experienced 


K test Expected yield | Actual yield Potassium Smectite- 

Site, year (mg kg) increase increase feldspar (96) illite (96) 
Buffalo, 100 Y N TA 85-11 
2014 

Walcott E, 100 Y Y 5.8 84-13 
2014 

Wyndmere, | 100 Y N 6.1 72-22 
2014 

Milnor, 100 Y N 11.7 35-57 
2014 

Gardner, 115 Y Y 5.3 76-20 
2014 

Fairmount, 140 Y N 8.0 80-14 
2014 

Walcott W, 80 Y N 7.3 52-40 
2014 

Arthur, 2014 | 170 N Y 1.7 85-11 
Valley City, |485 N N 9.0 70-23 
2014 

Page, 2014 200 N N 5.7 74-20 
Absaraka, 113 Y N 9.9 84-14 
2015 

Arthur, 2015 | 125 Y Y 9.5 85-12 
Barney, 170 N N 6.3 79-16 
2015 

Casino, 120 Y Y 6.4 85-12 
2015 

Dwight, 110 Y N 6 82-15 
2015 

Fairmountl, | 188 N Y 5.6 87-10 
2015 

Fairmount2, | 118 N Y 7.4 79-12 
2015 

Leonard N, 380 N N 6.9 70-25 
2015 

Leonard S, 190 N N 5.5 52-41 
2015 

Milnor, 118 Y Y 8.6 74-20 
2015 

Prosper, 205 N N 9.2 83-14 
2015 

Valley City, | 200 N N 5.6 65-30 
2015 

Walcott, 109 Y Y 6.2 47-48 
2015 


Bold font denotes site where expected yield response or nonresponse was not recorded 
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Fig. 10.7 Relative yield of check (with no added K) in North Dakota K fertilizer rate studies in 
2014 and the relationship to soil test K 


Table 10.2 Multiple linear 
regression of possible factors 


Factor 


K test 


| K-feldspar 


Illite 


Smectite 


j ; : K test 1.0 
relating to relative corn grain 
yield of 2014 and 2015 K fer- _K-feldspar 0.17 
tilizer rate trials in North Illite —0.03 —0.32 1.0 
Dakota from Table 10.1 Smectite 0.05 0.33 -0.99 1.0 


Relative yield 


content of the surface (0—23 cm) soil. Evidence for changes in illite with K additions 
and losses through cropping was found from examination of long-term treatments in 
the Morrow Plots at the University of Illinois Experiment Station at Urbana, Illinois, 
USA (Velde and Peck 2002). Soil samples from the plots were archived from 1913. 
The differences in clay mineralogy between 1913 and 1996 indicate changes in clay 
mineralogy with cropping. These changes were small in the corn-oats-hay rotations, 
but there was a significant loss of illitic clay from the continuous corn rotation with 
no amendments. The authors considered that the stability of illite/smectite under the 
corn-oats-hay rotations was the result of K inputs from non-clay K-containing 
minerals restoring the K lost from the clay minerals under this less intense cropping 
system. The use of NPK fertilizer was adopted in 1955, and this restored the illite 
content of the clay mineralogy in the continuous corn plots to what was measured in 
1913. The authors speculated that the addition of K replenished the clay mineral K, 
stabilizing and restoring illite/smectite integrity. The illites/smectites serve as a 
reservoir of K in prairie soils, but the clays can be degraded under continuous 
cropping. 

Previous (Clover and Mallarino 2009) and ongoing unpublished work in Iowa 
has shown that in smectite-dominant soils (but with smaller contents of illite and 
vermiculite), the measurement of both soil-test K and non-exchangeable K explains 
the effects of K additions and removal by corn and soybean on post-harvest soil 
K. Also, more rapid than expected relative changes between exchangeable K and a 
combination of interaction with K in neoformed secondary minerals, structural K in 
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Fig. 10.8 Percent maximum corn check yields in North Dakota K fertilizer rate studies at sites with 
smectite/illite ratio < 3.5 (top), and smectite/illite ratio 73.5 (bottom) (Franzen, unpublished data) 


feldspars, interlayer K in micas and partially weathered micas, and interlayer K in 
secondary layered silicates explained part of the soil K variation between one crop 
and the next. 

An important review of K chemistry was presented by Sparks and Huang (1985). 
One of the main points of their review was to highlight experiments in which the 
replenishment of K in the soil solution from non-exchangeable K in clays and 
potassium feldspars was measured in hours and days, i.e., was fast enough to meet 
crop needs (see also Krauss and Johnston 2002). They also noted that wetting and 
drying affects the movement of K in and out of clay interlayers. Soil wetness 
increases the content of reduced iron within the clay interlayers, which has a large 
hydrated radius. The larger radius facilitates the movement of K* out of the clay 
interlayers. Dry soil increases the concentration of oxidized iron within the clay 
interlayers, blocking the outflow of K* from the clays. 

Some soils retain K* on drying, including smectitic soils in temperate regions 
(e.g., Barbagelata and Mallarino 2012) due to increased soil solution K concentra- 
tion pushing the equilibrium between the soil solution and the soil clay in the 
direction of interlayer K* (Dowdy and Hutcheson 1963). 
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10.6 Relative Unresponsiveness in K Removal in Harvested 
Grain, Despite Wide Variability in Crop K Status 
and Responsiveness to K Fertilizer Application 


Variation in grain, seed, or kernel K concentration of eight crops was analyzed as a 
function of crop yield response to increasing soil exchangeable K in a long-term field 
experiment on an Oxisol soil in Queensland, Australia (Bell et al. 2009). Despite 
large yield responses to increasing soil K availability in most crops (3—10-fold range 
in yields of cottonseed and peanut kernels, and nearly twofold ranges in yields of 
wheat and sorghum), there was effectively no variation in K concentration in the 
harvested product. The lack of change in corn grain K concentration despite varia- 
tion in soil K availability was also observed by Oltmans and Mallarino (2015). There 
is, however, large species variation in the rate of K removal (e.g., removal of K in 
soybean grain is about 5 times the rate of removal in sorghum grain—Table 10.3). 
This means that growers can budget to replace K removal in a crop rotation 
reasonably accurately—something that is harder to do in other nutrients where 
both yield and grain concentration vary in response to differences in soil supply. 


Table 10.3 Response of grain/seed/kernel yield of different crops to soil K supply grown in a 
strongly K-limiting soil or a soil with excess K supply, and the resulting variation in K concentra- 
tion in grain/seed 


Strongly K-limited soil Excess soil K supply 

Harvested | Yield Seed/grain/ Yield Seed/grain/ 
Crop portion kernel K (g kg!) kernel K (g kg") 
Corn (Zea mays L.) | Grain 4200 6240 2.9 
Sorghum (Sorghum | Grain 5210 8690 3.2 
bicolor L.) 
Wheat (Triticum Grain 3700 5710 9.7 
aestivum L.) 
Cotton (Gossypium | Seed 380 3840 8.8 
hirsutum L.) 
Peanut (Arachis Kernel 810 2720 7.0 
hypogaea L.) 
Chickpea (Cicer Grain 2220 3010 8.5 
arietinum L.) 
Mungbean (Vigna | Grain 1150 1706 11.7 
radiata L.) 
Soybean (Glycine Grain 2170 3270 16.5 
max L. Merr.) 


From a long-term experiment on an Oxisol near Queensland, Australia, described in Bell et al. 


(2009) 
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10.7 Potassium Losses Due to Erosion from Wind 
and Water 


A seldom considered source of K loss that may contribute to regional K balance is 
the loss of topsoil due to wind and water erosion. An analysis of nutrient losses in 
North Dakota from the time of first plowing (1880 through 1920, depending on the 
location within the state) is underway, and complete for phosphorus (P). Total P loss 
from wind erosion in North Dakota since the time of plowing is estimated to be 17 M 
tons of P (Franzen 2016). This is equivalent to over 200 years of P application by 
North Dakota farmers to the 10 M ha of state cropland at fertilizer rates commonly 
applied in 2016. Total K loss from wind erosion since plowing is estimated to be 
much higher. Analysis of dust originating from North Dakota topsoil collected in 
eastern US cities in the 1930s contained 19 times more P and 45 times more K than 
samples obtained in regions of origin after the storms (Hansen and Libecap 2004). 
Topsoil loss in large portions of the state not under no-till or modified no-till systems 
is still on-going. A site northwest of Grand Forks, ND characterized in 1958 and 
re-characterized in 2014 revealed 48 cm of topsoil loss due to wind erosion over the 
56 years (Montgomery 2015). 


10.8 Summary 


The mass balance of K in the surface soil is a function of: (1) K added in fertilizers 
and manures; (2) plant redistribution of subsoil K to the surface; (3) K losses due to 
leaching in low CEC soils, and sampling to deeper depths than the 0—15 cm depth to 
determine subsoil contribution; (4) K removal with grain, forage, and crop residues; 
and (5) K lost in soil erosion from wind/water. A mass-balance relationship based on 
the measurement of exchangeable K is only rarely achieved because of the rapid 
equilibrium between soil solution K and its relatively rapid exchange with K in 
K-bearing primary minerals and clay interlayers. In addition, soil moisture, temporal 
differences in exchangeable K with K uptake by crops, K leaching from residues, 
clay type, organic matter contributions to the soil CEC and type of K amendment 
have confounded many attempts to relate K additions and losses with K soil test. 
Research is needed to create regionally specific K soil test procedures that can 
predict crop response within a subset of clays and K-bearing minerals within specific 
cropping systems. 
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Abstract Estimating nutrient mass balances using information on nutrient additions 
and removals generates useful, practical information on the nutrient status of a soil or 
area. A negative input-output balance of nutrients in the soil results when the crop 
nutrient removal and nutrient losses to other sinks become higher than the nutrient 
inputs into the system. Potassium (K) input-output balance varies among regions 
that have different climates, soil types, cropping systems, and cropping intensity. 
This chapter illustrates the farm-gate K balances in major production areas of the 
world and their impacts on native K fertility and crop yields. On-farm and on-station 
research examples show significant negative K balances in South Asia and 
Sub-Saharan Africa, while China, the USA, Brazil, and countries of the Latin 
America Southern Cone highlighted continued requirement of location-specific K 
application to maintain crop yields and soil K fertility status at optimum levels. 


11.1 Concepts of Soil Nutrient Balance 


Soil nutrient balance is an account of the total inputs and outputs of a particular 
nutrient in an agroecosystem (NAL 2020). Soil nutrient balance is the principle of 
mass balance applied to crop nutrients. Mass balance accounts for the matter 
entering, present in, and leaving a system. Óborn et al. (2003) separated soil nutrient 
balances into three categories: farm-gate, field, and farm-system budgets. These 
types of balances compare nutrient imports to nutrient exports. Farm-gate balances 
are not limited to farms but can be calculated at a variety of scales, depending on the 
data available. In this chapter, we focus on K farm-gate balances at the state/province 
and national levels across major production areas of the world. 


11.1.1 Potassium Removal and Use for Different Cropping 
Systems and Geopolitical Boundaries 


Because of its economic and environmental importance, there is increasing interest 
in developing ways to evaluate the efficiency and effectiveness of fertilizer use on 
farms, as well as at regional and national scales. Partial nutrient balance (PNB) is, 
for a given nutrient, the sum of outputs divided by the sum of inputs (Table 11.1). 
Partial factor productivity (PFP) is, for a given nutrient, biomass yield divided by 
the sum of inputs. Both can provide some guidance on system-level efficiency 
relative to nutrient use. These two metrics have been used to describe system 
performance in relation to nutrient use at continental (Ladha et al. 2003), national 
(Lassaletta et al. 2014), regional (Edis et al. 2012), and at farm-gate (Gourley et al. 
2012) scales, and by industry (McLaughlin et al. 1992). Although trends in N and P 
use have been presented (Zhang et al. 2015; Lassaletta et al. 2014), there are few 
reports of these trends for K other than Fixen et al. (2015). This chapter seeks to 
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Table 11.1 Commonly used K use efficiency metrics and typical ranges for cereal crops 


Potassium use efficiency abbreviation, calculations Typical ranges for 
(calc), and units? Equation” cereals? 
PFPx: partial factor productivity Y/I 75-200 


calc: biomass yield/sum of K inputs 
units: kg biomass (kg KY! 

PNBx: partial nutrient balance OxlT 0.7-0.9 
calc: sum of K outputs/sum of K inputs 
units: unitless 


PNBIx: partial nutrient balance intensity Iy-Ok - 
calc: sum of K inputs — sum of K outputs 
units: kg K ha! or kg KO ha’ 


AEx: agronomic efficiency (Yak — Y. XY 8-20 
calc: increase in biomass yield/sum of K inputs Ik 

units: kg biomass (kg K input)! 

REx: recovery efficiency (U,k - U. 0.3-0.5 
calc: increase in K uptake/sum of K inputs KVTIk 


units: unitless 


“Generalized from Dobermann (2007) to apply to all inputs and outputs in the K cycle 

PY, biomass yield; 7x, sum of K inputs; Ox, sum of K outputs; Y,k, biomass yield where K was 
added; Y &, biomass yield where K was not added; U,y, plant K uptake where K was added; U y, 
plant K uptake where K was not added 

Fixen et al. (2015) 


provide a selection of case studies from different regions and at different scales on 
the removal and use of K within farming systems. 


11.1.2 Metrics for Nutrient Use Efficiency 


Nutrient use efficiency (NUE) is an evaluation of crop performance based on the 
quantity of a given nutrient input. Nutrient use efficiency is a broad term and is 
quantified in various ways by various metrics. Table 11.1 shows a selection of 
nutrient use efficiency terms and their definitions. Partial nutrient balance and PFP 
have already been discussed. Partial nutrient balance intensity (PNBI) is, for a 
given nutrient, the sum of inputs minus the sum of outputs on an area basis. Where 
data or estimates exist, outputs and inputs can include all of those in the K cycle 
(Fig. 1.2, Chap. 1). Agronomic efficiency (AE) is, for a given nutrient, the increase 
in biomass yield divided by the associated sum of inputs. Positive returns to fertilizer 
investments are indicated when AE is greater than the ratio of fertilizer price to crop 
price. Recovery efficiency (RE) is, for a given nutrient, the increase in uptake 
divided by the associated sum of inputs. Recovery efficiency ranges from 0 to 1, with 
1 interpreted as complete uptake of all of the nutrients applied. Of these metrics, 
PNB and PNBI are most often used to evaluate soil nutrient balances. 

At the field, farm, or region scale, PNBy and PNBIx are often calculated using 
only harvested plant K and fertilizer K (inorganic and organic). Calculating PNB, 
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and PNBIx with just these data is widely performed, but only indicates the fate of 
harvest nutrients and does not consider other transfer or retention fates. Partial 
nutrient balance has been recommended by the International Fertilizer Association 
(IFA 2020), the EU Nitrogen Expert Panel (2015), and the Global Partnership on 
Nutrient Management (Norton et al. 2015) as the most appropriate measure of 
nutrient use efficiency because data are generally available at farm and national 
levels from which it can be calculated. 

In the context of K, when the sum of K outputs equals the sum of K inputs, 
PNBy = 1 and PNBIx = 0. When more K is added than removed, PNBx < 1 and 
PNBIx > 0 (positive). The nutrient not removed can either be stored in the soil 
and/or flow through to the environment. When more K is removed than supplied, 
PNBy > 1 and PNBIx < 0 (negative), indicating that the soil is being depleted of K, 
lowering soil fertility. The extent to which this depletion can continue without 
affecting yield depends on the level of soil reserves as well as the rate at which K 
becomes plant available. 

Partial nutrient balance does not describe pathways of internal K transformation 
within a system (e.g., K dissolution or fixation in soils). It is not necessarily a direct 
quantitative estimate of K loss from the system, because K not removed in the 
harvest might remain on site in the soil. Over the long term, however, changes in soil 
K stocks are usually small relative to inputs and outputs, and therefore, low PNBx 
values over multiple years are reasonably reliable indirect indicators of K depletion. 

The selection of NUE indicators should be considered in the light of the purpose 
of the undertaking. An indicator may be used by growers at field scale or as a 
statement of accountability at a regional and/or industry scale. The two reasons— 
while not mutually exclusive—do require clarity of purpose and transparency of data 
used to derive them. None of the indicators reference soil health or soil nutrient 
concentrations, so they are incomplete in their description of sustainability impacts. 
Because marginal nutrient use declines as the nutrient is supplied, the highest values 
of many indicators occur at the lowest level of application which is also likely the 
lowest yield. More discussion on selecting appropriate nutrient performance indica- 
tors can be found in Fixen et al. (2015) and Norton et al. (2015). 


11.1.3 Uncertainties in Estimating Nutrient Balances 


Nutrient balances provide perspective on the extent of nutrient sources relative to 
crop demand and may be helpful in identifying opportunities to improve nutrient use 
efficiency. However, unlike a financial balance sheet, nutrient balances involve 
considerable uncertainty, particularly at regional and national scales. These uncer- 
tainties derive from regional variations in crop K concentration, inadequate infor- 
mation on nutrient removal by some crops, lack of information on the contribution of 
manure, inability to account for nutrient loss by runoff and erosion, poor fertilizer 
use data, and other factors. Because of these sources of error, at best, nutrient balance 
is only a partial balance (Roberts and Majumdar 2017). 
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Deriving these ratios relies on reliable data on crop production (e.g., FAOSTAT), 
fertilizer use (e.g., IFA industry statistics), and crop product nutrient density (e.g., 
FAOSTAT). While of interest at a general level, the data do not provide information 
that can be used for system improvement and is just a reporting method. The metrics 
are more an assessment of the inherent K fertility of the system, the type of crop 
produced, and the farming system employed. 

While production quantities are reasonably well known, the amount of grain 
retained on-farm for seed, animal feed, or domestic use is not often included. Also, 
the area of crop production could be the areas of the country, of agriculture, of arable 
farming, the area sown, fertilized, or harvested. The nutrient concentration of 
manures and organic supplements included in the budget approach is quite variable. 
For example, the sugar industry in Australia has an apparent high PNB, because 
calculations do not often include K-rich by-products from sugar mills that are 
recycled back onto cane fields. 

A second aspect of the uncertainties is the concentration of the nutrient in the 
product removed as well as in nutrient inputs. For example, Norton (2012) reported 
that K concentrations in wheat grain varied by + 14% of the mean value for dry grain 
of 4606 mg K kg !. As a consequence, any PNBy or PFPx is likely to have a 
10-15% error embedded in the data used to derive the metric. 

Thirdly, there are few reliable data sets on the use of fertilizers on different crops, 
and the best current data at the national level was reported by Heffer (2013), 
although regional agricultural and resource management groups may also hold 
similar data from farm surveys, various agricultural agencies, or the fertilizer 
industry. Even so, not many sources disaggregate the data to fertilizer use by 
production region and crop, which is really the detail required for growers and 
advisors to make system-level improvements. 

Finally, a single fertilizer application may carry through to a second and often 
different crop, such as in a maize-soybean rotation. The residual nutrient carryover 
and then removal by the second crop is not accounted for, similar to not taking 
account of K released from soil minerals in the balance calculations. 

The critical aspects of developing these metrics are to ensure that the data are 
transparent, auditable, referenced, consider all nutrient sources, and are regionally 
relevant and appropriate to the intention as to how the metrics are to be interpreted. 


11.1.4 Interpreting Nutrient Balance Information 


The first and most significant issue to consider when interpreting a nutrient metric is 
the degree of limitation that the particular nutrient imposes on the system studied. If 
the nutrient is not limiting crop growth due to high soil reserves or other biotic or 
abiotic influences, then the value of PNB, and PFPy will be high, as little K fertilizer 
is applied relative to yield and nutrient removal. This can give an unrealistic 
impression of the potential returns on K investment from the PFPy value and an 
over-assessment of the degree of soil depletion occurring from PNBx. In such cases, 
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PNBIx may be a more accurate indicator of soil depletion since it is an extensive or 
area-based rather than intensive metric. 

Where K is the most limiting nutrient, over the long term and within the bounds of 
errors associated with the data, it is desirable for PNBy to approach unity, so that 
input and output are balanced. When PNBy < 0.5, there is probably an opportunity 
for using evidence-based nutrient management principles to improve efficiency. At 
the other extreme, when PNBy > 1.0, it is likely that efficiency cannot be improved 
further without risking the depletion of soil supply. However, this should not imply 
that PNBx values between 0.5 and 1.0 are necessarily acceptable, because, as 
already noted, a PNBx value of, say 0.7, maybe good for some systems in some 
places and not so good for other systems in other places. 

While mean values are useful, downscaled nutrient performance indicators from 
dairy farms (Gourley et al. 2012) and grain farms (Norton 2017) are highly variable 
and generally skewed. While the distribution of these values can be informative for 
growers as benchmarks for nutrient performance in a participatory research setting, 
valid comparisons can only be made among similar systems. 

Trends in efficiency metrics can be viewed in a broader background against 
economic development in general. An economic Kuznets curve (Kuznets 1955) 
identifies that as an economy develops, resource-use metrics like PNB initially 
indicate unsustainability (such as PNB >> 1) as resources are exploited, but then 
resource use becomes more sustainable as inputs become economic. So nutrient 
PNBs are likely to reflect the stage of economic development and agricultural 
industrialization as well as production systems management. 


11.2 Australia 


In Australia, grazing land accounts for 87% of agricultural land use, with 16% of 
land under improved pastures. Around 50 M ha is used for crop production, with less 
than 5% irrigated. Farmers produce around 40 Mt of grains annually, with wheat 
(Triticum aestivum L.) (24 Mt) and barley (Hordeum vulgare L.) (7 Mt) as the main 
grains. Sugarcane (Saccharum giganteum (Walter) Pers.), cotton (Gossypium 
hirsutum L.), and viticulture are worth a total of around $4.2 billion annually, 
while other horticultural crops add another $8 billion. The Australian beef, sheep, 
and dairy industries are largely pasture-based, and the gross value of slaughtering is 
over $7.3 billion, while dairy products ($4.7 billion) and wool ($2.6 billion) are also 
significant industries. Grain and red meat production are highly variable due to 
seasonal conditions, and growers are careful with the allocation of production 
resources (ABARES 2016). 

All the K fertilizer used in Australia is imported, and the annual peak quantity of 
imported KCl was ~480 kt 2004/2007, equivalent to ~239 kt K, assuming KCl 
averaged 60% K,O. The annual peak of KSO, imports was 60 kt in 2012, or 
25 kt K, calculated using a 5096 K5O concentration for K5SO,. Long-term K use has 
been ~170 kt of K, but during the “Millennium Drought" total K fertilizer use 
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declined to a low of 134 kt K in 2009, but has since recovered to 227 kt K according 
to the 2016-2017 report from Fertilizer Australia (Drew 2018). This amount makes 
up less than 1% of the global K used. 

Using the agricultural production and fertilizer use data, PNB, can be calculated 
at national and regional scales, with regional fertilizer use data derived from farm 
surveys (ABS 2016). In aggregate, the national PNBx was 2.9 for the audited period, 
and PNBIx was —0.6 kg K ha !, with the denominator used as the area of land used 
for agricultural production. These values are consistent with the National Land and 
Water Resources Audit (2001) which reported that K use was around one-third of the 
amount of K removed. 

The patterns across different Australian resource management regions for two 
audit periods are shown in Fig. 11.1. The distribution of the balances largely reflects 
the balance of enterprises within each region, as well as the inherent K fertility of the 


290 K. Majumdar et al. 


Table 11.2 Partial K balance (PNBx) and the nutrient balance intensity (PNBIx) averaged for 
2008 and 2010: mean rates are derived from the reported fertilizer use and the areas fertilized; the 


proportion of the total K fertilizer used by each industry was derived from the survey data 


Partial nutrient Mean Industry 
Partial nutrient balance intensity application proportion of 
balance (PNBx) | (PNBIx) rate of K K use 
Industry Unitless kg Kha! kg Kha! p 
Grain and 3.1 3.7 2 14 
livestock 
Other grains 5.5 4.1 1 19 
Rice 6.9 14.8 2 0 
Cotton 0.5 -10.6 23 7 
Sugarcane 7.6 84.9 13 5 
Vegetables 1.2 4.8 21 6 
(outdoors) 
Tree fruits and 1:3 3.7 14 10 
vines 
Sheep farming, | 2.9 3.1 2 4 
specialized 
Beef cattle farm- | 1.5 3.1 6 16 
ing, specialized 
Sheep-beef cat- | 2.9 1.7 2 4 
tle farming 
Dairy cattle 1.6 5.5 10 17 
farming 
ABS (2016) 


soils. In essence, the areas where K was in the largest deficit were in the sugar- 
growing areas in Queensland and the lower rainfall grain-growing regions of 
Western Australia, South Australia, and Central Queensland. It should be noted 
that the data used to generate these maps did not include any recycled materials such 
as mill wastes from sugar processing or manures used as inputs into crop production. 

Edis et al. (2012) used farm survey data that included fertilizer inputs estimated 
for each industry to disaggregate PNBx and PNBIx by commodity. These data are 
summarized in Table 11.2, which shows that all industries except cotton have more 
K removed than applied as fertilizer. Cotton is usually grown in rotation with other 
annual crops so the true K balance is confounded by fertilizer practices on those 
other crops. There is much less K applied than is removed and the largest apparent 
deficits are in the grains, sugar, and dairy industries. Recycled K-rich mill wastes are 
not included for the sugar industry, and PNB, and PNBIx for the dairy industry do 
not include K supplied to pastures that is ultimately derived from feeds purchased 
from outside the farm-gate. Gourley et al. (2012) reported that K from cattle feed 
averaged 25 kg K ha ! compared to a fertilizer input of 32 kg K ha! from data 
collected on 44 dairy farms across Australia, so that total K input in this industry may 
be underestimated. 
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While it may be of interest to compare industries or regions, there are important 
limitations in the data presented in both Fig. 11.1 and Table 11.2. The survey sample 
sizes are small which leads to up-scaling errors, and in these data, the up-scaled 
national K use is about 65% of the fertilizer industry-reported consumption. Under- 
reporting of K use in these farm surveys is likely a consequence of imprecise survey 
questions that, for example, do not discriminate fertilizer product application rate 
from nutrient rate. Regional differences in product nutrient density, rotations used, 
and the extent of the use of recycled matter all make the actual values imprecise and 
of limited value in drawing conclusions about the efficiency of different production 
systems. 

However, the major significant deficiency in these types of regional or industry- 
based data is that averages provide little or no intelligence to growers on their farm- 
level balances. The data collected by Gourley et al. (2012) for the dairy industry and 
Norton and vanderMark (2016) for the grains industry gives error terms around the 
inputs, as well as the derived metrics concerning nutrient use efficiency. 


11.2.1 Southern Australian Grain Farms 


While regional performance indicators are of interest in a policy sense, the collection 
and collation of nutrient removal and use at farm or field levels are more important to 
growers, as these data inform them about how their specific management practices 
have built up or depleted nutrients over time. Such an understanding will help them 
make decisions about appropriate interventions to address any imbalances. 

Norton (2017) reported nutrient performance indicators from a survey of 
474 fields (34,900 ha) between 2010 and 2014 in south-eastern Australia. Nutrient 
balances (nitrogen [N], phosphorus [P], K, and sulfur [S]) for each field over the 
audit period were estimated from fertilizer use, stubble management (burned, 
removed, grazed), and crop yield. Grain and hay yields were recorded in the farm 
records, and regional wheat grain nutrient concentrations for wheat (Norton 2012) 
and canola (Brassica napus L.) (Norton 2014a) were used to estimate removal in 
grains. Other values were derived from the values used in the NLWA (2001). The 
summary presented here is for the K balances alone. 

Even though 20% of surveyed fields received K fertilizer, with an average K 
application rate of <10 kg K ha ! year !, where K fertilizer was used, the application 
rates were about 90 kg K ha! on canola and 66 kg K ha ! on cereals. On the fields 
where K was applied, PNB, and PFPy were calculated with the median PNB, of 
3.0, and only seven of the fields surveyed showed more K use than removal over the 
audit period. Even where K was used, 12 fields had PNBy > 5 (Fig. 11.2a). The 
PFP values where K was used had a median of 350 kg grain kg! K (Fig. 11.2b). 

The low use of K in eastern Australia in particular can be explained by the 
generally high soil test K values, indicating that supplementary K was not required. 
Christy et al. (2015) re-analyzed soil test data collected in the NLWA (2001) to 
assess the proportion of areas where a response to K was likely based on the soil test 
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Fig. 11.2 Nutrient performance metrics for K as derived from a survey of Australian farmers’ 
fields: (a) partial nutrient balance (PNBy), and (b) partial factor productivity (PFPy). (adapted from 
Norton 2017) 


critical values (Brennan and Bell 2013). In the south-eastern grain-producing areas, 
soil K concentrations are generally higher in the lower rainfall areas, but there are 
regions in the higher rainfall zones near the coast where yield responses to added K 
are likely. About half the K soil test values on sand and loam soil types in 
southwestern Victoria are low and these are coincident with the areas where K 
fertilizer was reported to be applied from the farm survey (Christy et al. 2015). In 
particular, low soil K concentrations were seen on lighter acid soils under high 
rainfall conditions and also in formed-in-place Vertosols in both Victoria and 
Queensland. 


11.2.2 Trends in Potassium Removal 


Similar to the high PNBy values reported in the NLWA (2001), Bell and Moody 
(2005) reported consistently negative K budgets for grain farms in the northern 
cropping region of Australia. The extent of the deficit was linked to regional crop 
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productivity and the low use of K fertilizer. Potassium removal was highest in 
chickpea (Cicer arietinum L.) crops because of the higher than average grain K 
concentrations in chickpeas being consistently higher yielding than crops like 
sorghum (Sorghum bicolor (L.) Moench). Typically, K removals were between 
8 and 20 kg K ha’ year ! over a five-crop sequence. They also reported low and 
declining soil K concentrations in many of the summer cropping regions in Queens- 
land. Soil test K values showed stratification with around 1.6—3.2 times more 
exchangeable K in the topsoil than the subsoil. This depletion has largely gone 
undetected by soil tests which generally represent only the 0—10 cm topsoil. There 
are now research projects investigating deep placement of K (and P) as a means of 
alleviating this deficiency. 

There is concern about this depletion trend more widely in regions where K 
fertilizer has not been traditionally used. Key factors indicating a future K response 
are cropping on soils that have low to moderate exchangeable and non-exchangeable 
K reserves, and where K removal in harvested grain and hay is high. Indeed, the 
consistently low grain K concentrations in some areas coupled with some very low K 
usage suggested that the soil K status may be approaching low levels—whether due 
to stratification, presence of high sodium (Na), or the lack of substantial 
non-exchangeable K reserves. 

Potassium fertilizer use in Australia is relatively modest on a world scale, and 
there is approximately 3 times more K removed in agricultural products than is 
supplied. While K removal is highest on sugarcane farms, there is a modest deficit 
for most farms due to low productivity. Regional differences in K use and PNBx 
reflect the intensity of production and the inherent K fertility of the regions, although 
there are inconsistencies in the data available to estimate K balances and nutrient 
performance indicators. Western Australia uses most K fertilizer for grain produc- 
tion. Victoria uses K mainly on intensive pastures (especially dairy), while in 
Queensland K is mainly focused on the sugar industry. The data presented here 
indicate that grain-producing fields in the higher rainfall regions of southern 
Australia are in significant K deficit, despite the low inherent K fertility. Private, 
state, and federal agencies are addressing and communicating evidence-based nutri- 
ent management strategies to growers to overcome these deficits and improve 
productivity (Norton 2014b, Norton and vanderMark 2016). 


11.3 Southeast Asia 


The K balance assessment for Southeast Asia includes four crops most important 
both economically and for K use: rice (Oryza sativa L., maize (Zea mays L.), 
sugarcane, and oil palm (Elaeis guineensis Jacq.) in five countries in the region: 
Indonesia, Malaysia, Philippines, Thailand, and Vietnam. The choice of crops, 
countries, and crop year included in the K balance estimation were based on the 
availability of data on fertilizer K application by crop and country. The latest 
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available dataset with the highest number of countries and crops in the region was 
reported by Heffer (2013) for the crop year 2010-2011. 


11.3.1 Data Sources and Limitations 


In 2010-2011, the five countries produced a total of 148.5 Mt of rice grain, 23.0 Mt 
of maize grain, 132.3 Mt of cane sugar, and 218.8 Mt of palm oil (as fresh fruit 
bunch) (Table 11.3). The total area harvested for these four crops was 57.3 Mha, 
accounting for 61% of the total crop area (94.9 Mha of arable land and permanent 
cropland) in the five countries (Table 11.4). For each crop, the percentage of the total 
crop area was: 38% for rice, 8% for maize, 3% for sugarcane, and 12% for oil palm. 

For the estimation of crop K removal, production data for 2010 and 2011 
(Table 11.5) was combined with published values of K content in harvested crop 
biomass. These values were 2.83 g K kg! for rice grain (Buresh et al. 2010); 2.38 g 
K kg! maize grain (Setiyono et al. 2010); 1.1 g K kg! cane sugar (Dierolf et al. 
2001); 3.87 g K kg! oil palm fresh fruit bunch for Indonesia (Donough et al. 2014); 


Table 11.3 Production levels of four crops in five Southeast Asian countries, 2010-2011 season 


Rice Maize Sugarcane Oil palm 
production production production production 
Country kt grain kt grain kt sugar kt fresh fruit bunch 
Indonesia 56,349 6800 15,391 118,000 
Malaysia 2526 95 174 91,055 
Philippines | 16,729 7271 21,913 565 
Thailand 30,700 4200 84,026 9160 
Vietnam 42,194 4607 10,783 - 
Total 148,498 22,973 132,287 218,780 


Data source: USDA FAS (2017); oil palm production is reported here as fresh fruit bunch instead of 
palm oil as reported by USDA. Oil palm fresh fruit bunch is calculated by assuming an oil 
extraction of 20% (Corley and Tinker 2016) 


Table 11.4 Harvested area of four crops in five Southeast Asian countries, 2010-2011 season 


Rice area Maize area Sugarcane area Oil palm area 
harvested harvested harvested harvested 
Country 1000 ha 1000 ha 1000 ha 1000 ha 
Indonesia 12,075 2850 435 6801 
Malaysia 672 27 4 4202 
Philippines 4528 2633 440 45 
Thailand 10,667 1000 1259 600 
Vietnam 7607 1127 282 - 
Total 35,549 7637 2420 11,648 


Data sources: USDA FAS (2017) for rice, maize, and oil palm, FAOSTAT (2017) for sugarcane 
(USDA FAS (2017) does not provide data for sugarcane) 
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gd x buen cl fer- Rice Maize Sugarcane | Oil palm 

harvest, and partial nutrient ee = PO O_O 

balance intensity (PNBIx) of —.K applied" 

four crops in five countries in Indonesia 138 100 63 775 

Southeast Asia, 2010-2011 Malaysia 55 1 1 989 
Philippines 24 6 13 2 
Thailand 22 19 81 47 
Vietnam 240 26 32 - 
Total 479 152 190 1813 
K removed with harvested crop" 
Indonesia 192 20 20 550 
Malaysia 9 0.3 0.2 385 
Philippines 57 21 29 3 
Thailand 105 12 111 43 
Vietnam 144 13 14 - 
Total 507 66 175 981 
Partial nutrient balance intensity (PNBI&) 
Indonesia —54 80 43 225 
Malaysia 46 0.7 0.8 604 
Philippines -33 -15 -16 -1 
Thailand -83 7 -30 4 
Vietnam 96 13 18 = 
Total -28 86 15 832 


“Values from Heffer (2013) 

PEstimated using production data for 2010-2011 (USDA FAS 
2017) and K concentration in the harvested crop for rice grain 
(Buresh et al. 2010), maize grain (Setiyono et al. 2010), sugarcane 
(Dierolf et al. 2001), and oil palm (Tarmizi and Mohd Tayeb 2006, 
Donough et al. 2014) 


and 3.51 g K kg ' oil palm fresh fruit bunch for Malaysia (Tarmizi and Mohd Tayeb 
2006). We assumed that the K content of oil palm fresh fruit bunch in the Philippines 
and Thailand was similar to that of Indonesia. Since oil palm production data were 
reported by USDA FAS (2017) as palm oil, the equivalent production of fresh fruit 
bunches was calculated by assuming an oil yield of 20% of fresh fruit bunch biomass 
(Corley and Tinker 2016). 


11.3.2 Trends in Potassium Balance 


Rice is the most important cereal crop in Southeast Asia, covering 38% of the total 
crop area (Table 11.4). In rice, crop removal exceeded K application with a deficit 
of —33 to —83 kt K,O in Indonesia, Philippines, and Thailand; whereas K application 
exceeded crop removal with a K surplus of 46 kt and 96 kt K5O in Malaysia and 
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Vietnam, respectively (see PNBIx values in Table 11.5). Across the five countries, 
there was a K deficit of —28 kt K5O in rice-growing areas. Since the calculated 
PNBIk values only accounted for grain removal, greater K deficits are expected in 
areas where rice straw is also removed from the field (for off-farm use). Previous 
studies reported negative K balances in rice in irrigated long-term experiments in 
Indonesia, Philippines, and Vietnam (Dobermann et al. 1996) and in rainfed lowland 
rice in Indonesia (Wihardjaka et al. 1999). 

Maize is the second most important cereal crop in Southeast Asia, with an area 
harvested of 7.64 million ha in the five countries (Table 11.4). Out of the five 
countries, only the Philippines showed a K deficit (C15 kt K5O), while the K balance 
in the other four countries ranged from 0.7 kt K5O (Malaysia) to 80 kt KO 
(Indonesia) (Table 11.5). Similar to rice, PNBIx calculations for maize only 
accounted for grain removal; hence PNBIx will be further reduced if K removed 
with maize stover is included. Pasuquin et al. (2014) reported cases of negative K 
balance in maize in Indonesia, Philippines, and Vietnam when most of the above- 
ground residues were removed from the field. In Southeast Asia, farmers manage 
their maize residues in varied ways. In the Philippines, for example, while many 
farmers retain the residues in their field, some still practice full removal or burning of 
residues to facilitate land cultivation, especially with the use of non-mechanized 
tillage implements. 

Oil palm occupies the second largest area harvested, with Indonesia and Malaysia 
being the two largest producers of oil palm in the region (Table 11.4). While oil palm 
is only grown in four of the five countries, it is the biggest user of applied K fertilizer 
(69%) among the four crops (Table 11.5). Potassium applications exceeded crop 
removal (positive PNBIx values) in Indonesia, Malaysia, and Thailand; while crop 
removal exceeded applications (negative PNBIx value) in the Philippines 
(Table 11.6). 

Sugarcane covers the least area among the four crops (Table 11.4), but it is one of 
the important economic crops in the region and a heavy user of fertilizer 
K. Table 11.5 shows that annual application of K exceeded crop removal by 
0.8—43 kt K5O in Indonesia, Malaysia, and Vietnam. On the other hand, K deficit 
is indicated in the Philippines (-16 kt K,O) and Thailand sugarcane production (— 
30 kt K5O). A previous study reported negative K balances in Thailand for yields of 
30 t ha"! (of dry cane) and above at a K fertilizer application rate of 94 kg KO ha! 
(Trelo-ges et al. 2004). 

In the five countries in Southeast Asia included in this K budget, the amount of K 
fertilizer needed to replace crop removal follows the order: oil palm > rice > 
sugarcane > maize (Table 11.6). To be able to replace crop removal of the four 
crops in five countries, a total amount of 3.46-5.76 Mt K,O will be needed at 
fertilizer use efficiencies of 50% and 30%, respectively. With the current crop area 
dedicated to these crops in this region, the crops with the largest requirement for K 
fertilizer are: oil palm in Indonesia and Malaysia, rice in the Philippines and 
Vietnam, and sugarcane and rice in Thailand. Based on 2010-2011 fertilizer appli- 
cation and the estimated fertilizer requirement to replace crop removal, opportunities 
for improving K application are evident in most of the countries and crops. 
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Table 11.6 Estimated fertilizer K requirement to replace crop removal and fertilizer K deficit of the 
current application practice at 30% (A) and 50% (B) fertilizer use efficiency scenarios in four crops 
in five Southeast Asian countries (expressed at K,O) 


Rice Maize Sugarcane Oil palm 

kt K;O kt K,0 kt K;O kt K,0 
Country A B A B A B A B 
Fertilizer K requirement to replace crop removal* 
Indonesia 641 385 65 39 68 41 1834 1101 
Malaysia 29 17 1 0.5 1 0.5 1284 710 
Philippines 190 114 70 42 97 58 9 5 
Thailand 349 210 40 24 371 223 142 85 
Vietnam 480 288 44 26 48 29 - 
Total 1689 1014 220 132 584 351 1961 
Fertilizer K deficit of the current application practice" 
Indonesia —503 -247 35 6l -5 22 -326 
Malaysia 26 38 0.1 0.5 0 1 219 
Philippines —166 90 64 36 84 45 -3 
Thailand -327 188 21 5 290 142 -38 
Vietnam —240 48 18 0.4 16 3 - 
Total -1210 —535 —68 20 394 161 —148 


"Using 2010-2011 crop removal data at fertilizer use efficiencies of 30% (A) and 5096 (B) during 
the year of application 

PDifference between 2010 and 2011 fertilizer K application and estimated fertilizer K requirement 
to replace crop removal at fertilizer use efficiencies of 30% (A) and 50% (B). A negative value 
denotes a K application deficit 


Fertilizer K deficits of current application practices (Table 11.6) are indicated in: 
rice for all countries except Malaysia; maize in the Philippines, Thailand, and 
Vietnam; sugarcane for all countries except Malaysia; and oil palm for all four 
countries. In the 30% fertilizer use efficiency scenario, there is a predicted annual 
total K deficit in the five countries of 1.2 Mt K320 in rice; 0.068 Mt K50 in maize; 
0.39 Mt K50 in sugarcane; and 1.46 Mt K50 in oil palm. Current production levels 
also indicate opportunities for increasing production with intensification through 
improved crop and nutrient management, which may require a further increase in K 
fertilizer application. 


11.4 China 


China is the largest national consumer of fertilizer nutrients, accounting for nearly 
30% of global fertilizer use. From 1978 to 2015, total (N + P205  K5O) fertilizer 
consumption increased from 8.8 to 60.2 Mt, with an average annual increase rate of 
5.3%. The N, P5Os, and K5O consumption in 2015 was 30, 19, and 11 Mt, 
respectively. 


298 K. Majumdar et al. 
11.4.1 Potassium Use and Crop Production 


Potassium deficiency in crops was initially reported in Southern China in the 1970s 
(Lin 1989). Potassium did not receive as much attention as N and P in the next 
decade but now has become a widespread limiting factor in agricultural production, 
especially in some parts of northeast and north-central China (Liu et al. 2000). 
Recent research has demonstrated that K deficiencies in intensified agricultural 
production areas in China continue to be a challenge (He et al. 2009); however, K 
fertilizer input has increased dramatically over time, rising from 0.38 Mt K,O in 
1980 to 10.6 Mt KO in 2015, with an average annual increment of 0.29 Mt 
K5O. The total grain production increased from 310 to 657 Mt during the same 
period, with an average annual increase rate of 2.1%. Fruit and vegetable production 
increased annually by 6.4% and 9.8%, respectively, in the past 20 years. The 
unprecedented growth in China's fertilizer consumption and crop production in the 
last decades prompted researchers to look at nutrient input-output balances. Under- 
standing the surplus/deficit and balance of cropland nutrients provides guidance to 
the production, distribution, and application of fertilizer. 


11.4.2 Potassium Balance Studies 


Previous research assessed farmland nutrient balances in China, including the K 
balance at various scales (Wang et al. 2014; Chuan et al. 2014). These assessments 
emphasized that the nutrient balance estimations at the national scale would help 
develop national fertilizer policies, including decisions on investments for fertilizer 
factories and the exploitation of local resources and minerals to supply nutrients. 
Potassium balances for the 30 provinces in China from 1961 to 1997 illustrated 
annual K depletion that increased from 2.9 Mt K (3.5 Mt K5O0) in 1961 to 8.3 Mt K 
(10.0 Mt KO) in 1997 (Sheldrick et al. 2003). Negative PNBI, (from -17 to — 
245 kg K ha’ year") were also reported from long-term fertilizer experiments in 
rice-based systems, irrespective of mineral K application and site (Zhang et al., 
2010). Negative PNBIx persisted on wheat-maize rotations even at K application 
rates as high as 112-300 kg KO ha™ (Tan et al. 2012). A winter wheat study in the 
North China plain between 2005 and 2007 showed negative K balance in all the 
treatments under different production practices, especially at high-yield levels (Niu 
et al. 2013). About 79% of the assessed on-farm trials (n = 120) in potato (Solanum 
tuberosum L.) in north-western China had an average negative balance of -102 kg K 
ha^! (Li et al. 2015). This overwhelming negative balance of K in soils of China 
started improving (becoming less negative) with the increase in fertilizer K applica- 
tion, along with the in-field retention of crop residues (Wang et al. 2014; Shen et al. 
2005). Several studies also show significant soil K surpluses in vegetable production 
fields in China (Huang et al. 2007; Wang et al. 2008). 
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11.4.3 Potassium Balances in Grain and Cash Crops 


These studies provide critical information on K balances in China but mainly focus 
on specific experimental sites or short-term observations. Nutrient balances can vary 
considerably from year to year, and short-term studies providing limited information 
can be misleading. 

Two follow-up studies in the past few years provide a more comprehensive 
overview on how soil test K levels and crop K responses changed over time and 
space, and the status of K balances across China. He et al. (2015) used large on-farm 
experimental datasets to assess spatial and temporal variation in soil test K and crop 
responses to K between 1990 and 2012. The authors utilized datasets for plant- 
available K from on-farm experiments, where soil samples from a depth of 0-20 cm 
were collected and analyzed before sowing. The corresponding crop yield differ- 
ences were measured between treatments fertilized with N+P+K or with only N+P. 
The data were spatially desegregated and grouped based on geographical locations, 
such as northeast (NE), northcentral (NC), northwest (NW), southeast (SE), and 
southwest (SW) regions of China. In addition, each region was further divided into 
two sub-groups based on soil utilization pattern, grain crop, and cash crop systems. 
The grain crop category included wheat, maize, rice, potato, and soybean (Glycine 
max (L.) Merr.), while the cash crop group included vegetables, fruits, rapeseed 
(Brassica spp.), sunflower (Helianthus annuus L.), cotton, and sugar crops. Results 
indicated that soil-extractable K concentrations (exchangeable K) increased with 
time between 1990 and 2012. For grain crops, exchangeable K concentrations 
increased only slightly; however, for cash crops, the K concentrations increased 
dramatically over the period. The trends of increased soil K in cash crops were 
consistent with increased relative yield for cash crops and the high fertilizer K 
application rates. The authors suggested that higher soil K concentrations under 
cash crops increased the average soil K estimations in China, leading to assumptions 
of surplus K in all soils. Even though extractable K in soils under grain crops 
increased in the Northcentral, Southeast, and Southwest China in the 2000s as 
compared with that in the 1990s, the average soil K values were less than the critical 
concentration of 80 mg L^, except in the NW region. The results indicated that the 
exchangeable K continued to show a declining trend with large crop removal 
associated with higher yields. 

The PNBy was greater than 1.0 for both cash and grain crop categories, 
suggesting that K removal by crop uptake exceeded K inputs from fertilizer 
(Fig. 11.3). The PNBy was higher for cash crops (mean: 2.1; range: 1.1—4.2) than 
for grain crops (mean: 1.3; range: 1.0-1.5), indicating higher K depletion in cash 
crops. 
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Fig. 11.3 (a) Fertilizer 95th percentile 
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11.4.4 Spatial and Temporal Changes in Potassium Balance 


A comprehensive assessment of soil K balances between 1980 and 2010 was 
undertaken by Liu et al. (2017b) using 31 provincial datasets from the China 
Agriculture Statistical Report for 1981 and 2011. The K consumption from fertil- 
izers, human and livestock manure, straw return to field, cake manure, deposition, 
irrigation, seeds, crop removal, and K loss from soils were calculated with provincial 
data and parameters from refereed literature. The arable crop output was the 


11 Assessing Potassium Mass Balances in Different Countries and Scales 301 


principal nutrient output pathway in the agricultural systems, which was calculated 
through economic yield and K requirement per unit of economic yield of various 
crops. The arable crop outputs were categorized into five groups: cereal crops, fruit 
and vegetables (fruit, vegetable, and melons), oil crops (oil crops and beans), 
industrial crops (sugar beet (Beta vulgaris L.), sugarcane, fiber crops, cotton and 
tobacco (Nicotiana tabacum L.)) and root crops (sweet potato (Ipomoea batatas (L.) 
Lam.) and potato). The PNBIx (kg K20 or kg K;O ha^!) was estimated by calcu- 
lating the total K added to farmland from various sources during the year (inputs) 
and subtracting the total amount of K removed from farmland by crop removal and K 
loss from leaching and runoff (outputs). 

The farmland PNBIx was significantly different between 1980 and 2010 at the 
provincial scale. The PNBI& in China changed from an average deficit of —13.6 kg 
KO ha’ in 1980 to a surplus of 22.9 kg KO ha! in 2010 (Fig. 11.4). In 1980, 
almost 68% of the farmland area across 19 provinces showed K deficits (very low 
and low classes); however, 30% of farmland area in 10 provinces had PNBIx in the 
moderate class (1-50 kg KO ha^!) (Fig. 11.4a). In 2010, 40 and 44% of the 
farmland was in the low and moderate PNBIy classes in 9 and 13 provinces, 
respectively. Meanwhile, 11% of farmland was in the high PNBI class in 5 prov- 
inces. Only 6% of farmland area showed a PNBIx in the very high class in four 
provinces (Fig. 11.4). 

Liu et al. (20172) followed up with a more comprehensive K balance across four 
decades: 1980-1989, 1990-1999, 2000-2009, and 2010-2015. The data were 
desegregated into six agricultural regions, based on geographical locations and 
China's administrative divisions: northeast (NE); north-central (NC); northwest 
(NW); the middle and lower reaches of the Yangtze River (MLYR); southeast 
(SE); and southwest (SW). 

Mineral fertilizer, organic manure, and other K input resources (atmospheric 
deposition, irrigation, and seeds) accounted for 33% (4.91 Mt K50), 59% (8.85 Mt 
K-20), and 8% (1.19 Mt K5O) of the total K input from 1980 to 2015, respectively. 
The K input through fertilizers increased from 0.38 Mt K,O in 1980 to 10.58 Mt 
K50 in 2015. At the regional level, K inputs increased in all regions over time. 
Increases in K inputs were greatest for the SE and least for both the NW and NE 
(Fig. 11.5a). By 2015, K input in the SE was the highest, followed by the SW, 
MLYR, NC, NW, and NE. 

The average K output from 1980 to 2015 was 14.78 Mt K20 (146 kg K30 ha! 
year). Crop removal accounted for 99% (14.63 Mt K5O) of the total output from 
1980 to 2015. Cereals removed 70, 65, 55, and 56% of the total K output in the 
1980s, 1990s, 2000s, and 2010s, respectively. The K output of fruit and vegetables 
and oil crops increased over the years with average annual increments of 0.13 and 
0.05 Mt of KO, respectively. Potassium outputs increased over time in all regions 
(Fig. 11.5). The K outputs in MLYR and SE were significantly larger than those in 
other regions. In the NE, K outputs increased from 1982 to 1989 then stabilized, with 
some variation, from 1990 on. 

Potassium nutrient balance intensity increased from its lowest value in 1984 
(23.23 Mt K,O) to a relatively stable value of around 2.1 Mt K,O in 2015. At the 
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Fig. 11.4 Spatial distributions of PNBIx in China's agricultural land in (a) 1980 and (b) 2010. 
Adapted from Liu et al. (2017b) 


national scale, the average PNBIx from 1980 to 2015 was 0.81 kg K5O ha? year |. 
On average, the PNBIx changed from its 1980 level by —24.2 kg K,O ha'! in the 
1980s, —5.9 kg K5O ha’ in the 1990s, 21.3 kg K5O ha’ in the 2000s, and 19.5 kg 
K5O ha'! in the 2010s. The average PNBI in the SE region increased steadily 
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Fig. 11.5 Temporal and 
regional variation of: (a) K 


inputs, (b) K outputs, and (c) p 
PNBIx in six regions of 5 
China from 1980 to 2015. vy 
(adapted from Liu et al. 9 
20172) P 
3 
a 
= 
x 
w 
X 
o, 
X 
o 
x 
g 
2 
2 
5 
o 
Xx 


K inputs — K outputs (kg K,O ha^) 


-100 
1980 1985 1990 1995 2000 2005 2010 2015 
Year 


from -1.5 kg KO ha"! in 1980 to 198 kg K5O ha ' in 2015 and had the greatest K 
surplus of any region (Fig. 11.5). The average PNBIx in the 2010s (2010-2015) 
varied by region: SW (31.3 kg K,O ha!) > MLYR (15.9 kg K;O ha!) > NC 
(9.5 kg K5O ha^!) > NW (82 kg K20 ha^!) > NE (-11.9 kg K;O ha !). The NE 
region stayed in deficit for the entire period of assessment (1980-2015). The positive 
PNBIkķ in the NW region declined over time. In the NC region, PNBIx increased 
during the first three decades but declined in the 2010s. 

Reliable K fertilizer use and crop output data, along with information from 
published peer-reviewed literature, allowed estimation of K balance in Chinese 
agriculture. Recent assessments of K inputs, outputs, and PNBIx in China showed 
significant spatial and temporal differences. Widespread negative K balances in soils 
before the 1980s have now changed toward a more positive balance due to increased 
use of K fertilizers and retention of crop residues in the field. However, regional and 
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crop-specific disparity in K use provides opportunities to further refine the K balance 
through site-specific nutrient management for sustainable crop production systems. 


11.5 India 


India is the second-largest consumer of fertilizer in the world. In nutrient terms, the 
2.5 Mt of K5O consumed in 2014 was 7.7% of the global consumption. Alluvial 
(Inceptisols and Entisols), Red and Lateritic (Alfisols and Ultisols), and Black 
(Vertisols) soils are dominant soil types in India. The Alluvial soils in the Indo- 
Gangetic Plains and elsewhere have ample available and reserve soil K. Despite 
having high available soil K, the Black soils, mainly in the Central and Western 
India, often show positive yield responses to added K. This response is most likely 
due to low K availability because of relatively higher contents of Ca and Mg in these 
soils. The Red and Lateritic soils in coastal and peninsular India typically have lower 
K content. Heffer (2013) estimated that over 60% of the total N + P205 + K50 is 
used in cereal crops. Potassium used in cereals is about 5096 of the total consump- 
tion. An estimate by Tewatia et al. (2017), using crop production statistics of 
2015-2016 and crop nutrient uptake information from multiple sources, showed 
that removal of K5O by cereals is about half of the total K removed by all crops. The 
seeming parity between K applied and removed by cereals, however, is misplaced as 
the removal of K by cereals is about 11 times more than the applied K. 


11.5.1 Crop Requirement and Potassium Use 


Post Green Revolution, India's agricultural production was largely driven by inor- 
ganic fertilizer use. The demand for crop commodities will rise in the future with 
population increase and changing food habits. Chand (2007) estimated that 
262, 19, 54, and 345 Mt of cereals, pulses, oilseeds, and sugarcane, respectively, 
would be required in 2020, compared to the base year (2004—2005) production of 
193, 14, 35, and 262 Mt of the same crops. In 2014—2015, 235, 17, 28, and 363 Mt of 
cereals, pulses, oilseeds, and sugarcane were produced in India (FAI 2016). A 
slowdown of crop productivity (Kumar et al. 2004) and decline in PFP (NAAS 
2006), however, has been identified as major concerns. Biswas and Sharma (2008) 
showed that response to applied fertilizer (kg grain [kg of added NPK] !) decreased 
from 13.4 to 3.7 between 1970 and 2005. 

Imbalanced fertilization, more specifically low use of K, has been identified as 
one of the major reasons for declining PFP in India. Several studies identified 
inequality between applied K and its removal in harvested crops, which impacts 
crop productivity, nutrient use efficiencies, and soil K mining (Naidu et al, 2011; 
Majumdar et al. 2012, 2016; Singh et al. 2014). Long-term cropping with negative 
PNBIkķ has been associated with yield declines in the rice-wheat system in South 
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Table 11.7 Nutrient uptake K uptake from the soil reserve? 
from soil reserves under rice— : 
; Rice Wheat System 

wheat cropping system . = =i = 
Location kg K50 ha kg K50 ha kg K50 ha 
Sabour 166 95 261 
Ranchi 127 78 205 
Ludhiana 211 143 354 
Palampur 141 85 226 
R.S. Pura 189 112 301 
Faizabad 177 75 252 
Kanpur 146 101 247 
Modipuram 173 121 294 
Varanasi 130 91 221 
Pantnagar 122 98 220 
Mean 158 100 258 


Tiwari et al. (2006) 
*rice (Oryza sativa L.); wheat (Triticum aestivum L.) 


Asia (Regmi et al. 2002). Potassium partial nutrient balance intensities were negative 
even with recommended fertilizer application rates of K and were least negative 
when farmyard manure was a nutrient source or wheat residues were returned to the 
field. Although the K-supplying capacity of illite-dominated alluvial soils of the 
Indo-Gangetic Plains is relatively high (Dobermann et al. 1996), long-term intensive 
cropping with inadequate application of K have been associated with large negative 
PNBI and depletion of native K reserves (Gami et al. 2001; Yadvinder-Singh et al. 
2004). Multi-location studies in the rice-wheat system indicated that soil reserves 
contributed on an average 258 kg K5O in K omission plots (Tiwari et al. 2006) 
(Table 11.7). Several researchers have assessed K balances in systematic ways 
contributing to our understanding at various scales. 


11.5.2 Potassium Balance at the Country Scale 


The K partial nutrient balance intensity in most soils of India was largely negative as 
crop removal far exceeded K additions through manures and fertilizers. Tandon 
(2004) reported an annual negative PNBI of —9.7 Mt of N+P+K in 1999-2000, of 
which 19% was N, 1296 was P, and 69% was K. Satyanarayana and Tewatia (2009) 
estimated K balances in major agriculturally important states of India. Besides the 
major field crops, the authors considered the removal of nutrients by fruits and 
vegetables in all the states; tea (Camellia sinensis (L.) Kuntze), coffee (Coffea spp.), 
jute (Corchorus capsularis L.), rubber tree (Hevea brasiliensis (Willd. ex A. Juss.) 
Müll.Arg.), and other plantation crops in states wherever applicable; and the total 
production values of commodities were multiplied by the nutrient uptake coefficient 
to arrive at nutrient removal figures. The authors used crop production, state fertilizer 
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Table 11.8 ane K = Addition Removal PNBI& 

tions, removal arveste ; 

crops, and K vail nutrient a Ce ae 

balance intensity (PNBIx) in Eastern Region 517.6 2428.2 —1910.6 

India Western Region 7156.7 4579.0 —3822.3 
Northern Region 918.1 3534.0 —2615.9 
Southern Region 1118.1 2447.7 —1329.6 
India 3310.5 12,988.9 —9678.4 


Source: Satyanarayana and Tewatia (2009) 


use, and nutrient uptake coefficients from the Fertilizer Association of India (FAI) 
database (FAI 2008), as well as baseline information and assumptions on nutrient 
contribution from sources other than fertilizer, such as organic manures, farmyard 
manure, crop residues, irrigation water, biological nitrogen fixation for individual 
states while estimating PNBIx. Nutrient additions only through fertilizer was used 
where information on other nutrient sources was not available. The overall negative 
K balance was estimated at 9.7 Mt, and the western region (3.8 Mt) had the highest 
share, followed by northern (2.6 Mt), eastern (1.9 Mt), and southern (1.3 Mt) regions 
(Table 11.8). 

Dutta et al. (2013) estimated PNBI, in different states of India using the IPNI 
NuGIS approach (Fixen et al. 2012). The study used the K addition through 
inorganic and organic sources and the removal by key crops to estimate the K 
budget. The authors used data for fertilizer and the total amount of recoverable 
manure used in different states from various sources (DAC 2011; FAI 2007, 2011). 
The amount of manure consumed in each state was multiplied by a coefficient, based 
on average K content in recoverable manure, to estimate the KO contribution from 
organic sources. The K5O removal by crops was calculated by multiplying produc- 
tion with K5O removal coefficient (GOI 2020; FAI 2007, 2011). The crops consid- 
ered in this study were rice, wheat, maize, barley, chickpea, pigeon pea (Cajanus 
cajan (L.) Millsp.), green gram (Vigna radiata (L.) R.Wilczek), lentil (Lens culinaris 
Medik.), moth bean (Vigna aconitifolia (Jacq.) Marechal), groundnut (Arachis 
hypogaea L.) sesame (Sesamum indicum L.) mustard (Brassica juncea (L.) 
Czern.), linseed, (Linum usitatissimum L.) cotton, and sugarcane. The study reported 
large negative PNBI values in northern, western, and eastern regions (Fig. 11.6). 
The authors attributed the negative PNBIx in most states of India to inadequate 
application of K, high removal of K by intensive cropping, and export of crop 
residues. They cautioned that negative PNBIx in soils is not a one-off phenomenon 
but a recurring one, which will significantly affect the future sustainability of crop 
production. 

Patra et al. (2017), using the national soil health card database, highlighted 
significant decreases in soil K concentrations in areas of north-western India that 
were earlier flagged as areas of high negative PNBIy (Fig. 11.6). Recently, Tewatia 
et al. (2017) did an extensive analysis of nutrient inputs and outputs for all major 
crops, including food grains and other cereals, pulses, oilseeds, forages, fiber crops, 
fruits, vegetables, plantation crops, spices, tubers, and sugarcane. The authors used 
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b) 2011 


Fig. 11.6 The PNBIk for (a) 2007 and (b) 2011 across different states of India. (Dutta et al. 2013) 
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Table 11.9 Partial nutrient balance intensities (PNBI) in India for N, P205, KO, and total 
(N + P505 + KO). (adapted from Tewatia et al. 2017) 

Parameter N P505 K,0 Total 

Country PNBI (Mt) -2.3 -2.1 —8.6 -13.0 
Average per hectare PNBI across crops (kg ha^!) -15.3 -9.4 -42.2 —66.9 
Source: Modified from Tewatia et al. (2017) 


the FAI database for fertilizer consumption and crop production data for 2015 and 
2016, and nutrient uptake coefficients were taken from several sources. Only 
inorganic fertilizer contributions were considered as inputs. The authors calculated 
a net negative K balance of -8.6 Mt of K5O, which was 66% of the net negative 
N + P505 + K50 balance (Table 11.9). The authors further desegregated the K 
balance information at a crop and land area basis. The average areal negative balance 
was —42.2 kg KO ha! across all crop groups. It was highest for sugarcane (2121 kg 
KO ha™’), fruits (-71 kg K;O ha '), and plantation crops (—58 kg K5O ha^), while 
pulses (-15 kg K5O ha !) had the lowest K deficit, most likely due to low produc- 
tivity levels. The negative balance in food grains was -40 kg K5O ha '; however, it 
has the most profound effect on K balance at the national scale as the major food 
grain crops (rice, wheat, and maize) cover nearly 80% of the arable land. 


11.5.3 Potassium Balance at the Cropping System Scale 


Cropping systems strongly influence soil nutrient balance. Two or more crops are 
generally grown in a sequence within a year in much of India, except where climatic 
or other factors restrict growing multiple crops. Yadav et al. (1998) illustrated how 
nutrient removal differs by the number of crops grown in sequence and by the type of 
crops within the cropping system rotation (Table 11.10). 

Careful nutrient and crop management planning is necessary for cropping sys- 
tems to avoid nutrient imbalances in the soil. Long-term intensive cropping with 
inadequate application of K results in K mining leading to large negative balances 
and depletion of native K reserves (Gami et al. 2001; Regmi et al. 2002; Singh et al. 
2002; Yadvinder-Singh et al. 2005; Majumdar et al. 2016). Therefore, adequate 
input of K is essential to prevent further depletion of soil K. Fixation of applied K as 
non-exchangeable K is also not ruled out in K-depleted soils. Evidences suggested 
that the non-exchangeable K reserves of the mica-rich soils of the Indo-Gangetic 
Plains (IGP) were exhausted due to continued lack of K fertilization in intensive 
cropping, that raised their K fixation capacity (Tiwari et al. 1992; Bijay-Singh et al. 
2003). Singh et al. (2018) stated that short-term inconsistencies, if any, in crop 
response to K or changes in exchangeable K content in the soils of the IGP should 
not guide the K fertilization decisions. Rather, adequate K replenishment matching 
with annual K removals is required for the long-term sustainability of the rice—maize 
system in these soils without impairing soil fertility. Soil K depletion is faster with its 
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Table 11.10 Nutrient removal in important cropping systems 


Total crop nutrient removal? 

Total yield? N P505 K,O 
Crop sequence? tha! kg ha! kg ha’ kg ha! 
Maize-wheat-green gram 8.2 306 27 232 
Rice-wheat-green gram 11.0 328 30 305 
Maize—wheat 7.6 247 37 243 
Rice—wheat 8.8 235 40 280 
Maize—wheat 7.7 220 38 206 
Pigeon pea-wheat 4.8 219 31 168 
Pearl millet-wheat-green gram 10.0 278 42 284 
Pearl millet-wheat-cowpea 19.9% 500 59 483 
Soybean-wheat 7.7 260 37 170 
Maize-wheat-green gram 9.0 296 47 256 
Maize-rapeseed-wheat 8.6 250 41 200 


“Cowpea (Vigna unguiculata (L.) Walp.); green gram (Vigna radiata (L.) R.Wilczek); maize (Zea 
mays L.); pearl millet (Pennisetum glaucum (L.) R.Br.); pigeon pea (Cajanus cajan (L.) Millsp.); 
rapeseed (Brassica napus L.); rice (Oryza sativa L.); soybean (Glycine max (L.) Merr.); wheat 
(Triticum aestivum L.) 

Sum of harvested biomass across all crops in the sequence 

“Sum of quantities of nutrients removed in harvested crop portions across all crops in the sequence 
“Includes fodder 


Table 11.11 Nutrient removal, partial nutrient balance (PNB), and recovery efficiency of K (REx) 
under different cropping systems 


Nutrient removal 

N P K Partial nutrient balances (PNB) 

kgNha |kgPha |kg Kha 
Cropping system* i i : PNBy | PNBp | PNBx | REx 
Rice-wheat 243 41 268 0.78 |0.64 |2.25 0.61 
Rice-rice 269 47 281 0.74 0.69 | 2.31 0.68 
Rice-chickpea 251 37 185 1.32 10.62 1.95 0.77 
Rice-potato 299 47 208 0.88 0.656 | 1.30 10.2 
Maize-wheat 307 64 397 0.93 0.78 = | 2.97 0.54 
Pigeon pea—wheat 283 41 201 1.17 0.65 | 1.63 0.73 
Sugarcane-ratoon-wheat |369 156 547 0.92 |0.76 |3.56 | 0.69 
Sesbania (GM)-rice- 245 39 259 0.63  |0.61 L37 10.71 
wheat 


Singh et al. (2002, 2008, 2015a, b) 

“Chickpea (Cicer arietinum L.); maize (Zea mays L.); pigeon pea (Cajanus cajan (L.) Millsp.); 
potato (Solanum tuberosum L.); rice (Oryza sativa L.); sesbania (Sesbania bispinosa (Jacq.) 
W. Wight); sugarcane (Saccharum giganteum (Walter) Pers.); wheat (Triticum aestivum L.) 


continuous inadequate replenishment. It is further aggravated when crops remove 
more K than required as luxury consumption. The data presented in Table 11.11 
indicate that except for the crop sequences with a pulse or potato as component 
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crops, all other sequences remove more K than N and P. The higher output: input 
ratio for K compared with N and P indicated insufficient K addition under different 
cropping systems, leading to depletion of soil K (Tiwari et al. 1992; Singh et al. 
2015a, b). 

Multi-locational studies (Singh et al. 2014) revealed that omission of K in rice— 
wheat cropping system resulted in annual mining of 158—349 kg K ha”! from soil 
reserves, and the authors cautioned that continuous inadequate application of K in 
this cropping system may not be able to sustain high productivity over time. In a 
long-term experiment on rice-rice rotations at Gazipur in Central Bangladesh, Mazid 
Miah et al. (2008) reported that rice grain yield decreased sharply in a clay-loam soil 
from about 10 t ha^! in 1985 to 6.2 t ha^! in 2000 in the K-omission plots, whereas K 
application at 50 kg ha’ resulted in positive K balance and maintained rice yields. In 
another study on rice—wheat rotations in northwest Bangladesh, the application of 
54 kg K ha ! increased average grain yield by 25-30% of rice and wheat by 53-86% 
across a range of demonstration plots on farmers' fields (Mazid Miah et al. 2008). 
Buresh et al. (2010) showed that near-neutral K balance in rice-wheat cropping 
systems in India would require 100 and 15% retention of rice and wheat residues, 
respectively, when irrigation water contributed 125 kg K ha’. Replacing winter 
wheat with maize in the rice-wheat cropping system, with typical crop management 
practices in India, reduces PNBI well below —100 kg K ha'!, which becomes even 
more negative at higher system productivity. At a maize grain yield of 12 t ha !, 
there is a net export of about 200 kg K ha _', which is often difficult to resupply with 
external K applications until and unless crop residues are fully returned to the field. 
Residues are often removed for several reasons. Rice straw has several competitive 
uses. Maize residue is difficult to manage in the field, and N immobilization often 
occurs because of high C:N ratios in that residue. Nutrient depletion-replenishment 
studies in the rice-based systems in Bangladesh have also shown negative PNBIx 
(Timsina et al. 2013). 

On-farm results from the AICRP-IFS (2012) showed negative PNBI in farmers’ 
fields across locations and cropping systems (Table 11.12). Potassium partial nutri- 
ent balance intensity was influenced by the crops selected in various cropping 
systems. 

The “SR+M” treatment received supplemental application of secondary and 
micronutrients, along with the same amount of N, P, and K as in "SR" (the state 
recommendation). The addition of secondary and micronutrients to SR triggered 
higher removal of K in most cases, suggesting that the application of limiting 
secondary and micronutrients, even at suboptimal application of major nutrients, 
may increase crop yield and removal of K. 

The deficit in K supply will cause changes in K soil concentrations. Singh et al. 
(2013) showed that, in the absence of added K fertilizer, average exchangeable and 
non-exchangeable K decreased by 13-18 mg kg ' and 26-41 mg kg, respectively, 
across 60 on-farm locations during one rice—wheat cropping cycle. Another study 
assessing spatial variation of different soil K fractions in an intensively cultivated 
region of West Bengal (Chatterjee et al. 2015) associated the low non-exchangeable 
K in parts of the study area with high K removal exceeding K application rates in 
banana (Musa spp.) plantations. Non-exchangeable K is not measured in routine soil 
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Table 11.12 Potassium nutrient balance intensity (PNBIx) for several cropping systems 


K50 addition K50 removal PNBI& 

Cropping system? Treatment kg K,0 ha! kg KO ha! kg K,0 ha! 
Rice—wheat 0.0 150.0 —150.0 
Q4) 74.7 160.0 —85.3 
74.7 174.0 —99.3 
Rice-rice 70.6 172.0 -101.5 
(24) 66.4 189.0 —135.6 
66.4 202.0 -135.6 
Pearl millet-mustard (18) 0.0 104.0 —-104.0 
54.0 116.0 -62.1 
54.0 122.0 —65.1 
Pearl millet—wheat (18) 0.0 65.0 —65.0 
83.0 95.0 -12.0 
83.0 101.0 -18.0 
Maize-Bengal gram (24) 0.0 133.0 -133.0 
20.8 169.0 —148.3 
20.8 181.0 —160.3 
Rice-green gram(18) 34.0 129.0 -95.0 
66.4 161.0 -94.6 
66.4 176.0 —109.6 
Maize—wheat(18) 21.6 53.0 -31.4 
58.1 89.0 —30.9 
SR+M 58.1 97.0 —38.9 
Cotton-pearl millet (18) FFP 0.0 85.0 —85.0 
SR 83.0 91.0 —8.0 
SR+M 83.0 102.0 -19.0 


FFP, farmers’ fertilization practice; SR, state recommendation; SR + M, state recommendation with 
additional micro- and secondary nutrients 

Modified from AICRP-IFS (2012) 

“Bengal gram (Cicer arietinum L.); cotton (Gossypium hirsutum L.); green gram (Vigna radiata (L.) 
R.Wilczek); maize (Zea mays L.); mustard (Brassica juncea (L.) Czern.); pearl millet (Pennisetum 
glaucum (L.) R.Br.); rice (Oryza sativa L.); wheat (Triticum aestivum L.); values in parenthesis are 
the number of trials 


tests in most countries, including India, and any decline in this K fraction generally 
remains unnoticed. 

In conclusion, high-resolution and high-quality data are available to assess K or 
other nutrient balances in India. Several assessments at national and cropping system 
scales showed that K balances are largely negative. Low application rates of K in 
crops combined with high offtake of K at harvest due to straw and other crop residue 
removal from farms are the major reasons. The on-farm studies showed declines in 
exchangeable and non-exchangeable K fractions in soils of intensively cultivated 
areas. Potassium fertilization decisions based on agronomic evidence are required to 
improve crop yields and farm profitability and to maintain K fertility of Indian soils. 
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11.6 Sub-Saharan Africa 


Soil fertility depletion is considered one of the major factors limiting crop production 
in sub-Saharan Africa. Crop production in soils of low native fertility with little or no 
fertilizer application is depleting and unsustainable. Maintaining the productive 
capacity of these soils through effective nutrient management remains a major 
challenge. Nutrient mass balance in specific soil-crop systems is a reliable indicator 
of nutrient depletion or mining. 

When estimated at different spatial scales, nutrient balances provide insight into 
sustainability challenges affecting production systems in the short- and long-term. 
Access, price, and affordability of fertilizers are major production constraints in 
Sub-Saharan Africa, especially for K fertilizers. The following sections outline the K 
balance at various spatial scales in the region and how that affects crop productivity 
in different production systems. 


11.6.1 Potassium Balance at Continental and Country Scales 


Analysis of nutrient balances in sub-Saharan Africa shows consistent negative trends 
that result from the continuous cultivation of crops for many decades with little 
addition of nutrient inputs in agricultural soils in the region. Annual PNBI, at the 
regional level averages less than —15 kg K ha ! and ranges between —5 and -45 kg K 
ha! for various countries (Stoorvogel et al. 1993; Van den Bosch et al. 1998) 
(Fig. 11.7). The losses of K from the soil translate to about 3 Mt K year !. The 
average fertilizer use of 18 kg ha ! of N+P+K in sub-Saharan Africa is the lowest in 
the world, accounting for less than 296 of the world fertilizer consumption. This is far 
below requirements to prevent nutrient depletion. Potassium inputs from fertilizer 
are proportionally lower than N and P, as most fertilizers that are recommended and 
used in crop production in sub-Saharan Africa exclude K. As a result, the amounts of 
K applied as fertilizer are less than 3 kg ha^. The application of K through organic 
resources is also limited and negligible due to low amounts of manures and crop 
residues that are available. The removal of K in grain and crop residues and K losses 
through erosion and leaching combine to result in severe nutrient depletion. The 
average yield of cereal crops which covers 80% of croplands is about 1.5 t ha !, 
accounting for removal of 20-30 kg K ha !. Potassium losses due only to erosion in 
sub-Saharan Africa range from 3 to 15 kg of N+P+K ha’ year’ (Henao and 
Baanante 2006). 

Despite the overall large negative PNBIy in sub-Saharan Africa, nutrient balances 
vary greatly among different cropping systems and agro-ecological zones. The 
largest losses of 20-50 kg K ha’ year! occur in the sub-humid savannahs of 
West Africa and the highlands and sub-humid areas of east Africa and southern 
Africa, a region with high potential for crop production and high population densi- 
ties. Moderate K losses of 10-20 kg K ha ' year ! occur in the humid forests and 
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Fig. 11.7 Potassium balances for countries in sub-Saharan Africa. (adapted from Henao and 
Baanante 2006) 


wetlands of south-central Africa and Sudan. The soils in the arid zones in southern 
and West Africa have the lowest K losses (5-15 kg K ha! year '), mainly due to low 
nutrient removals from low yields. 


11.6.2 Potassium Balance at the Regional Scale 


Potassium partial nutrient balance intensities for regions within countries are highly 
variable, similar to the patterns of K balances at the continental level. For example, 
PNBIk levels in Kenya are consistently negative, and range from —5 to -34 kg K ha! 
year ! (Henao and Baanante 2006) (Table 11.13). The Rift Valley region with the 
lowest balances is characterized by high potential crop production and intensive 
cultivation, while the highest nutrient balances in northeastern Kenya is associated 
with arid conditions that result in both low crop yields and nutrient removals. 
Relatively higher K fertilizer use in the central Kenya Rift Valley is due to large 
areas of tea, coffee, and sugarcane production that receive recommended fertilizers 
containing K. 
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Table 11.13 Regional K partial nutrient balance intensity (PNBIx) levels in Kenya 


K removal K added 

Crop removal K fertilizer Manure PNBI& 
Region kgKha' year! |kg Kha! year’ |kg Kha’ year’ |kg Kha’ year! 
Central 20 8 3 -9 
Coast 21 - 1 -20 
Eastern 22 1 1 -20 
Nairobi 11 2 1 -8 
North Eastern 6 - 1 -5 
Nyanza 27 2 1 -24 
Rift Valley 40 5 1 -34 
Western 25 3 2 -20 


Henao and Baanante (2006) 


11.6.3 Potassium Balance at the Farm Scale 


Aggregated nutrient balance estimates at national and regional levels for 
sub-Saharan Africa have shown overall large negative balances. At such scales, 
variability is driven by soil-forming factors, such as the underlying geology and 
position on the landscape, jointly termed the “‘soilscape” (Deckers 2002). In contrast, 
variation in soil fertility associated with resource management at the farm level has 
generally been overlooked, despite evidence that such operations affect K balances 
and productivity of both crops and livestock (Smaling and Braun 1996; Giller et al. 
2006). In addition, there are strong indications that K balances differ widely among 
farms in different wealth categories and among plots at different distances from 
homesteads (Shepherd and Soule 1998). 

Differences in access to fertilizer by farmers contribute significantly to the 
variability of fertilizer use. Farmers with more access to fertilizer use greater 
amounts of mineral fertilizers (Tittonell et al. 2005) and tend to own more cattle 
and thus manure, thereby using significant quantities of nutrients (Swift et al. 1989; 
Achard and Banoin 2003). Consequently, K accumulates on farms with more access 
to resources, often at the expense of the poorer farms. 

Within farms, soil fertility status of different plots on smallholder farms in 
sub-Saharan Africa may vary considerably due to both inherent factors and different 
resource management strategies (Tittonell et al. 2005). Smallholder farms consist of 
multiple plots managed differently in terms of allocation of crops, fertilizers, and 
labor resources, resulting in within-farm soil fertility gradients caused by manage- 
ment strategies a common feature (Zingore et al. 2007). In most cases, both organic 
and mineral fertilizer resources are preferentially allocated to the part of the farm 
used for growing the main food-security crop, often close to the homestead, while 
plots further away are neglected. Such management decisions culminate in the 
creation of gradients of decreasing soil fertility with distance from the homestead 
(Elias et al. 1998; Vanlauwe et al. 2002). Even where small quantities of manure and 
mineral fertilizers are available, farmers still apply them at high rates by 
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concentrating them in small areas. For instance, farmers in Zimbabwe apply cattle 
manure at amounts as high as 80 t ha’ year ! by concentrating cattle manure on 
preferred plots (Mugwira and Murwira 1998). The underlying reasons for targeting 
of nutrient resources to few fields are not fully understood, but important factors 
include farm size, distance of different plots from the homestead, restricted avail- 
ability of fertilizers and manures, availability and efficiency of labor use, risk of 
theft, and the need to reduce the risk associated with erratic rainfall (Nkonya et al. 
2005). 

Potassium application in African agriculture is low. Most of the farmland in 
Africa is dependent on soils that experienced some level of erosion and nutrient 
mining. The exchangeable K concentrations of the soil are generally low because of 
the high degree of weathering and a long history of crop production without proper 
soil management. Farmers' wealth, resource management strategies, and access to K 
fertilizers all contribute to significant variation in largely negative K balances across 
African soils. Improved access to K fertilizers and their site-specific management are 
key to increasing or even just maintaining the productive capacity of these soils. 


11.7 North Africa 


The North Africa region is dominated by the Mediterranean climate, with rainfall 
during the colder winter and dry and hot during the summer. The soils of this region 
are varied but generally low in organic matter. In arable lands, the predominant soils 
are calcimagnesic, fersialitic, and clay-rich vertisols. Major land areas of North 
Africa are under arid and semi-arid climate zones. Although lack of sufficient rainfall 
is the main limitation of crop production, nutrient deficiencies also limit crop 
productivity. Even though most of the research undertaken in North Africa in the 
1980s reported that soils are well supplied with K (Ghanem et al. 1983; El Oumri 
1985; Stitou 1985), continuous withdrawal of soil K has led to a decline in soil 
fertility. Several areas in North Africa now report low exchangeable K and high 
spatial variability of K in soils (Badraoui et al. 2003). As K availability in soils of 
most North African countries (Morocco, Algeria, and Tunisia) is perceived to be 
generally adequate (Azzaoui et al. 1993; Mhiri 2002; Belouchrani et al. 2002), 
fertilizer K consumption has remained very low, with an average of 12% of the 
total consumed N, P, and K (FAOSTAT 2018). Potassium partial nutrient balance 
intensities show negative trends due to crop K removal with none or low K inputs. In 
some rainfed areas, farmers do not fertilize crops with K, even when it is required, 
due to the relatively high cost of fertilizer, which has led to visible K deficiency 
symptoms in crops in the last few decades (Mhiri 2002). For wheat, the main annual 
crop of the region, fertilizer recommendations are based mainly on N and P, while K 
application is generally neglected. Research on K also became limited in the last 
decades with the most recent research programs on K undertaken more than 
30 years ago. 
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Table 11.14 Cumulative K partial nutrient balances (PNBIx) of cropping systems at different 
locations in Morocco 


Cumulative K Cumulative 
fertilizer addition? K removal? PNBIk 

Crop rotations Study |K kg K 
(location)* years | application | kg K ha^! kg K ha’ ha! 
Wheat-maize-forage- 12 -K 0 1645 —1645 
cotton-sugar beet 

(Sidi Kacem, 12 +K 1380 1646 —266 
Morocco) 
Wheat-legumes 15 -K 0 521 -521 

(Mohammedia, 15 +K 1320 555 765 
Morocco) 
Wheat-maize-forage- 16 -K 0 9479 —9479 
cotton-sugar beet 

(Tessaout, Morocco) |16 +K 2520 9721 -7201 
Wheat-maize-forage- 14 -K 0 5863 —5863 
cotton-sugar beet 

(Souihla, Morocco) 14 +K 2320 6086 -3766 
Wheat-maize-forage- 17 -K 0 6457 —6457 
cotton-sugar beet 

(Afourer, Morocco) 17 +K 2640 6450 —3810 
Wheat-maize-forage- 10 -K 0 5406 —5406 
cotton-sugar beet 

(Boulaouane, 10 +K 2680 5416 -2736 
Morocco) 
Potato-wheat-onion 10 -K 0 516 —516 

(Dar Bouazza, 10 +K 1800 455 1345 
Morocco) 


Azzaoui and Alilou (1990) 

“Cotton (Gossypium hirsutum L.); forage (barley, ryegrass, vetch) legumes (pulses); maize (Zea 
mays L.); onion (Allium cepa L.); potato (Solanum tuberosum L.); sugar beet (Beta vulgaris L.); 
wheat (Triticum aestivum L.) 

Sum of K applications across all years 

“Sum of K removed in harvested crop portions across all years 


Limited information showed negative PNBI, levels in Morocco across locations 
and cropping systems (Table 11.14). In only two cases (the wheat-legume rotation in 
Mohammedia and the potato—wheat-onion (Allium cepa L.) rotation in 
Dar-Bouazza) was K added in quantities large enough to produce positive PNBIk. 
A similar study in the Saharan region of Algeria showed positive PNBIg levels when 
K was added in an irrigated wheat production system (Table 11.15). Since the K 
balance in these studies accounted only for K output by grain removal, greater K 
deficits would be expected in areas where wheat straw is also removed from the field 
for off-farm use. Previous research demonstrated that critical levels of K in soils 
depends on soil types and crop yield performances (Badraoui et al. 2002; Aissa and 
Mhiri 2002). There are large differences in K use between rainfed and irrigated areas. 
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enai pd x beris vn K addition K removal in grain PNBI& 
ial nutrient balance intensi = = = 
(PNBl. of irrigated wheat in JEKI — |KeKha! ke Kha 
sandy soils of the Saharan area 0 13.86 -13.86 
(South Ouargla) of Algeria 60 22.13 38.87 
120 31.27 88.73 
180 38.66 142.34 


Halilat (2004) 


The expansion of irrigated area in North Africa due to incentive programs such as the 
Green Plan in Morocco and the National Program for Rural and Agricultural 
Development (PNDAR) in Algeria intensified production and increased K removal 
by crops. As a consequence, growers in irrigated areas use more K for industrial 
Crops, fruits, and vegetables. In the citrus sector, which represents one of the main 
export crops in the region, K plays an important role in fruit quality (Hamza et al. 
2012). For irrigated wheat, research undertaken in the Doukkala region of Morocco 
showed that wheat responded to added K fertilizer only when the yield was higher 
than 5 t ha^! (Badraoui et al. 2002). The highest consumers of K fertilizer are 
greenhouse crop production systems. For example, banana production uses on 
average of 500 kg K,O ha^, strawberry production uses 400 kg K5O ha^, pepper 
(Capsicum spp.) production uses 140 kg K5O ha !, and potato production uses 
115 kg K5O ha! in northwest Morocco (Zerouali and Mrini 2004). 

In Tunisia, the status of K in soils differs among three soil categories (Mhiri 
2002): (1) acidic soils in the northwest are generally low in K; (2) alkaline, calcar- 
eous, fine-textured soils located in the north are rich in total and exchangeable K, and 
are considered among the most fertile soils in the country; and (3) alkaline, calcar- 
eous coarse-textured soils, located in the center and south of the country and the 
Sahel, are relatively low to very low in exchangeable K. 

In Algeria, arable land is limited to less than 3% of the total geographical area. 
Approximately 8.7 Mha are available to grow cash crops, forest, pasture, rangelands, 
and scrub and alfalfa (Laoubi and Yamao 2012). The consumption of K fertilizer in 
Algeria is low and represents about 11% of the total consumed N, P, and K fertilizer 
in the country (FAOSTAT 2018). 

There are few studies on K mass balance in Morocco, Algeria, and Tunisia. 
Potassium fertilizers are applied in limited quantities due to perceived high native K 
in soils. Potassium deficiency in crops, however, is increasing due to higher removal 
of K in intensive agricultural production systems with improved irrigation facilities. 
Research evidence of better crop productivity and quality with site-specific K 
management in the region suggests the need for higher levels of K inputs to crops. 
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11.8 United States 


Potassium budgets for the USA were calculated using the NuGIS model (Fixen et al. 
2012). The model calculates K budgets for each county in each state for 1987, 1992, 
1997, 2002, 2007, 2010, 2011, and 2012. Briefly, the NuGIS model considers the 
sum of nutrient removal by up to 21 major crops as the only output: alfalfa 
(Medicago sativa L.), apple (Malus domestica Borkh.), barley, common bean 
(Phaseolus vulgaris L.), canola, maize grain, maize silage, cotton, hay (various 
crops other than alfalfa), orange (Citrus sinensis (L.) Osbeck), peanut (Arachis 
hypogaea L.), potato, rice, sorghum, soybean, sugar beet, sugarcane, sunflower, 
sweet corn (Zea mays L.), tobacco, and wheat. The model uses crop-specific K 
removal rates (g K kg” yield) and does not consider spatiotemporal variability. The 
nutrient inputs considered by the model are fertilizer and manure. 

A map PNBx for the contiguous 48 states of the USA is shown in Fig. 11.8. A 
PNBy > 1 dominates the more arid western half of the USA where soil K levels have 
historically been higher and where K application rates have generally been lower. 

Based on the distribution of PNBy (Fig. 11.8), the USA was divided into four 
groups, and trends in PNBy over time were assessed (Fig. 11.9). Temporal trends 
were evaluated through linear regression of the log of PNBx calculated for each 
regional group as well as for the USA. For the 48 contiguous states considered as a 
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Fig. 11.8 Potassium partial nutrient balance (PNBy) for the contiguous 48 states of the USA for 
years 1987, 1992, 1997, 2002, 2007, 2010, 2011, and 2012 as calculated by the NuGIS model 
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Fig. 11.9 Temporal trends in K removal to use ratios for the contiguous 48 states of the USA and 
for four groupings of U.S. states, denoted as areas A, B, C, and D. Dotted lines are the 95% 
confidence intervals for the regression curves 


group, PNBx levels have been increasing at a rate of 1.3% year". Similar increases 
(1.1% year’) were also observed in the northeastern states (Group A) and the corn 
and soybean-growing states (Group B). States in Group D had the greatest increase 
in K removal to use (1.8% year !). Much of this area is where cotton has traditionally 
been grown, although cotton production has declined in recent years and is being 
replaced by other crops, such as soybean. In the more arid western states (Group C), 
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no significant trend emerged over time. Soil K concentrations have historically been 
high; consequently, farmers have not applied much K fertilizer, resulting in a higher 
PNBx, averaging 3.63. 

The widely varied K-balance patterns across the USA arise from interactions of 
climate, soil properties, cropping patterns, market conditions, governmental policies, 
and many other factors. In general, the combination of rather steady K consumption 
but increased yields and therefore increased nutrient removal has led to negative K 
balances that are becoming increasingly negative in much of the USA. 


11.9 Brazil 


Since the soil nutrient status of Brazilian soils is generally low, supplying additional 
nutrients is generally necessary to make agriculture effective and profitable. Potas- 
sium fertilizer consumption in Brazil is high, with consumption of 5.4 Mt K,O in 
2015, ranking second in the world, with about 90% of it imported. A nutrient budget 
can represent the amount of a nutrient that is exported from the whole country, a 
specific location (e.g., state), or a field by a crop relative to the amount of applied 
nutrient. 

The nutrient budgets for Brazil have been calculated for the whole country, states, 
and main crops based on fertilizer consumed (ANDA 2010-2015), crop production 
for the eighteen major crops in Brazil, namely banana, common bean (Phaseolus 
vulgaris L.), cassava (Manihot esculenta Crantz), castor bean (Ricinus communis 
L.), cocoa (Theobroma cacao L.), coffee, cotton, maize, orange, peanut, potato, rice, 
sorghum, soybean, sugarcane, tobacco, tomato (Solanum lycopersicum L.), and 
wheat (IBGE 2010—2015), and the average nutrient concentration in the harvested 
portion of the crops (Yamada and Lopes 1998; Cunha et al. 2010, 2011, 2014). 

The data from the most recent survey (Francisco et al. 2015) for an average of 
4 years (2009—2012) are summarized in Table 11.16. It is important to note that the 
Midwest region was responsible for 34% of the total K fertilizer consumption. This 
region provides the bulk of soybean and maize production in the country, with 


Table 11.16 Average (2009-2012) annual K partial nutrient balance intensities (PNBIx) and 
partial nutrient balances (PNBx) for regions in Brazil 


Crop removal of K Applied K PNBI& PNBx 

Region Mt K,O Mt K,0 Mt KO 

South 0.91 0.96 0.05 0.95 
Midwest 1.06 1.29 0.23 0.82 
Southeast 0.66 1.02 0.35 0.65 
Northeast 0.30 0.43 0.13 0.70 
North 0.09 0.09 0.00 1.04 
Brazil 3.03 3.79 0.76 0.80 


Francisco et al. (2015) using data from ANDA 2010-2013 
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Table 11.17 Average (2009-2012) annual K partial nutrient balance intensities (PNBIx) and 
partial nutrient balances (PNBx) for main crops in Brazil 


Crop removal of K Applied K 
Mt K,0 Mt K,0 Mt K,0 


Crop* 


Soybean 

Maize 0.34 0.52 0.18 0.65 
Sugarcane” 0.66 0.78 0.12 0.85 
Coffee 0.05 0.25 0.20 0.20 
Cotton 0.08 0.14 0.06 0.56 
Rice 0.06 0.07 0.01 0.86 
Common bean 0.06 0.05 —0.01 1.20 
Orange 0.03 0.05 0.02 0.60 
Wheat 0.02 0.06 0.04 0.33 


Francisco et al. (2015) 

"Common bean (Phaseolus vulgaris L.); coffee (Coffea spp.); cotton (Gossypium hirsutum L.); 
maize (Zea mays L.); orange (Citrus sinensis (L.) Osbeck); rice (Oryza sativa L.); soybean (Glycine 
max (L.) Merr.); sugarcane (Saccharum giganteum (Walter) Pers.); wheat (Triticum aestivum L.) 
>For sugarcane, a 20% deduction was considered for K removal considering the regular disposal of 
vinasse 


plant-available K being inherently low in the soil. In summary, PNBy for the whole 
country was 0.8. 

Nutrient budgets for nine crops grown between the years of 2009 and 2012 are 
presented in Table 11.17. Potassium use was higher than crop removal in most crops, 
with the exception of beans (1.20). Potassium use was most balanced in soybean, 
which had a PNBy of 0.99, followed by rice (0.86) and sugarcane (0.85). Coffee had 
the lowest PNBx value (0.20). 

Soybean, maize, and sugarcane are responsible for about 70% of the K fertilizer 
consumed in Brazil. The PNBx levels for these crops are very reasonable, compared 
to other situations worldwide, which is indicative that Brazil has had fairly appro- 
priate use of K for these crops. 

In terms of states (data not shown), there is a wide range of results in terms of K 
mass balance, with some states presenting very low and others very high PNBx 
levels (ranging from 0.54 to 3.17 in the main agricultural states). The results from 
studies at specific locations with K mass balances allows researchers to focus on 
crops or regions with the most severe deficits. For example, coffee and citrus were 
two of the most important crops in Brazil with the lowest levels of PNBx among all 
crops considered in the study. Consequently, it is necessary to better study fertilizer 
practices and management systems that could increase NUE, leading to improved 
PNBx levels for both crops. 

In order to extend this analysis back to represent PNB for N, P, and K prior to 
2009, trends in mass balances of these nutrients between 1988 and 2012 are provided 
in Fig. 11.10. Nitrogen removal was higher than N input until the late 1990s. Later, 
N use in the country increased due to the adoption of more intensive cropping 
systems with higher inputs, especially for sugarcane, orange, coffee, and maize, 
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which resulted in lower N PNB (PNBy), reaching 0.87 in 2012. Phosphorus PNB 
(PNBp) has essentially hovered around 0.60, which may be acceptable when com- 
pared to estimates of 0.30 in many situations. Potassium partial nutrient balances had 
a similar decreasing trend as N, and PNBx reached 0.67 in 2012. Potassium showed 
a dramatic increase in PNBx in 2009 (0.98) that reflected a significant and temporary 
decrease in K use by farmers due to higher fertilizer prices. The generally steady 
growth in nutrient use in Brazil in recent years has been effective in improving crop 
production, increasing average yields. In 1990, the average yield was around 1.70 t 
ha ' and subsequently increased to 3.44 t ha ! 20 years later. 

Nutrient mass balances were estimated periodically to help identify gaps in 
fertilizer use for specific crops or regions as well as to forecast future nutrient 
demands. In this context, initiatives aimed at educating farmers and agronomists 
on how to assess the performance of nutrient inputs are crucial for promoting 
fertilizer use efficiency, minimizing nutrient loss, and increasing crop production 
sustainability. With this in mind, a new tool was developed recently by Nutrição de 
Plantas Ciéncia e Tecnologia (NPCT) in Brazil which allows the calculation of 
specific nutrient mass balances at the farm level (NPCT 2020). Many agronomists 
around the country are using this tool to calculate nutrient mass balances for different 
crops and farms. 

Calculation and publication of nutrient mass balances have helped agricultural 
stakeholders to better understand the status and efficiency in the use of different plant 
nutrients. For Brazil, the PNBy indicates generally appropriate ratios. Between 2009 
and 2012, the average PNBy value was 0.80, which means that overall, 80% of the 
fertilizer applied to crops was exported as agricultural products. The recently 
released web tool to calculate nutrient mass balances at the farm level is helping 
farmers around the country better manage fertilizers. This tool can be adapted for use 
in other regions. 
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11.10 Southern Cone of Latin America 


The total agricultural area of the five countries of the Southern Cone of Latin 
America (Argentina, Bolivia, Chile, Paraguay, and Uruguay) is 238 Mha over a 
total land area of 513.6 Mha. Total arable land represents approximately 22% of the 
agricultural area. The total area for different crop groups defined by FAOSTAT is 
56.5 Mha. Field crops (oil crops, coarse grain, and cereals) lead the area and 
production in the region. 

The main field crop areas of the Southern Cone include the Pampas and Gran 
Chaco regions of Argentina and Uruguay, the southern highlands of eastern Para- 
guay, the eastern lowlands of Bolivia, and the central valleys and southern volcanic 
regions of Chile. 

Several soil associations are found in this region. Mollisols are dominant through- 
out the Pampas-Chaco plains and Uruguay and are among the best suited for 
agriculture because of their high native fertility. Alfisols are also widespread in the 
Pampas-Chaco region. Alfisols are generally fertile, with a high concentration of 
nutrient cations. Ultisols and Oxisols are the main soils in eastern Paraguay. These 
soils have good physical qualities but require high lime and phosphorus inputs. 
Vertisols are mainly located in the central-eastern region of Argentina, in the Entre 
Rios province, as well as in Uruguay. The vertisols have good nutrient concentra- 
tions, but challenging soil physical properties that demand careful management. 
Alluvial soils dominate the eastern lowlands of Bolivia and also have good natural 
soil fertility. Soils of Chile are quite variable and include Alfisols, Mollisols, 
Entisols, and Inceptisols in the central region, and Entisols, Inceptisols, Andisols, 
and Ultisols in the south. Native soil K availability is high in most of the cropping 
areas of the Southern Cone of Latin America (Barbazán et al. 2012; Sainz Rozas 
et al. 2013). Thus, fertilizer K consumption in the region has been low, about 
335—425 kt K,O in the last years (summed across the individual country consump- 
tions shown in Fig. 11.11). However, expansion of agriculture into new areas and 
replacement of pastures by annual crops, mainly soybean, in the last 20 years 
(Wingeyer et al. 2015) have increased K removal by grains and induced K deficien- 
cies in several regions of Uruguay (Barbazán et al. 2012, 2017), and some areas of 
Paraguay and Argentina. 

In Argentina, the apparent consumption of K as fertilizers reached a peak of 54 kt 
K320 (44 kt K) by 2007 (Fig. 11.11). An annual PNBy has been estimated for the four 
major grain crops (soybean, corn, wheat, and sunflower) considering K application 
and grain K removal (García and González Sanjuan 2016). This estimation used 
average grain K concentration for the four crops and assumed that crop residues were 
not removed from fields, a typical practice under no-tillage agriculture in Argentina. 

The PNBx has been very high, with K removal exceeding K application by 
almost 800 times during the period 2012-2014 (Fig. 11.12). Negative K mass 
balances have reduced soil K availability (0—20-cm depth) to the current soil test 
K levels of 370-750 mg K kg! in agricultural fields in the central Pampas (Correndo 
et al. 2013). This is a 32-6246 reduction from the pristine (pre-agriculture) soil test K 
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Fig. 11.11 Changes in K50 fertilizer consumption in the countries of the Latin America Southern 


Cone region, 1993-2014. [adapted from data of FAOSTAT, IFA, Fertilizar AC (Argentina), APIA 
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Fig. 11.12 Potassium partial nutrient balance (PNBy) estimates for the main four field crops in 
Argentina: soybean, maize, wheat, and sunflower. (adapted from García and González Sanjuan 
2016) 


concentrations of 990-1140 mg K kg! (Fig. 11.13). Areas in northwestern Argen- 
tina under continuous sugarcane production for more than 50 years without K inputs 
have decreased soil K concentrations to low enough levels that crops now respond to 
K fertilization (Pérez Zamora 2015). 

Consumption of fertilizer K in Bolivia is very low, with an annual average of 
approximately 4.4 kt during 2012-2014 (FAOSTAT 2017). Estimation of annual K 
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Fig. 11.13 Soil test K concentrations in the Pampas region of Argentina. (Sainz Rozas et al. 2013) 


removal in the main harvestable products, using average K concentrations in crops, 
was 90.7 kt K year ! for the same period, resulting in a PNBx > 20. Continuous 
removal of soil K without replacement will eventually result in soil fertility declines 
adversely affecting crop yields and farm profitability. 

Mancassola and Casanova (2015) estimated a comprehensive nutrient balance for 
agricultural production of Uruguay. In their study, nutrient removal was estimated 
for: field crop production; beef, dairy, and wool production; fruit and vegetable 
production; and forest production. Nutrient concentrations were gathered from local 
information and from literature. Nutrient application was estimated from fertilizer 
imports. In 2010, estimated PNBI& was approximately —24 kt K5O (—20 kt K) 
(Fig. 11.14). These negative PNBIx levels were observed for most of the production 
systems because of low K fertilization rates, with the exception of vegetables and 
fruits. Furthermore, as soybean area increased in the last two decades, PNBIx in the 
soil has become more negative due to the high K requirements of soybean. Consid- 
ering an average grain K content in 3.6 Mt of soybean exports, it is estimated that 
approximately 63 kt K,O was removed from the soil in 2014. In addition, agriculture 
has also expanded to marginal soils in the north-central and eastern regions of the 
country, where soils with low soil test K levels are common (Fig. 11.15). Asa result, 
K deficiencies in crops have been evident since the early 2000s (Barbazán et al. 
2012, 2017). 

Most of Paraguay's agricultural production takes place in the eastern half of the 
country on lateritic soils (mainly Oxisols and Ultisols) and includes soybean as a 
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Fig. 11.14 Potassium nutrient balance intensity (PNBIx) by production system in 1990, 2000, and 
2010 in Uruguay; other field crops include wheat (Triticum aestivum L.), maize (Zea mays L.), 
barley (Hordeum vulgare L.), sunflower (Helianthus annuus L.), sorghum (Sorghum bicolor (L.) 
Moench), and rice (Oryza sativa L.); other crops include fruits, citrus, and vegetables; and other 
production includes forestry, beef, dairy, and sheep production. (Mancassola and Casanova 2015) 


main field crop, along with maize, wheat, sunflower, canola, and others. Causarano 
Medina (2017) estimated nutrient mass balances for the period between 1996 and 
2015, considering K fertilizer imports and K removal with soybean, maize, wheat, 
rice, sunflower, and canola crop production. Figure 11.16 shows that PNBx in 
Paraguay has decreased from 3 to 4 in the period between 1996 and 2003 to a 
PNBxy between 2 and 3 since 2003. Despite this improvement in PNBx, it is still 
much greater than 1, indicating that soil K reserves are being heavily relied upon to 
provide K for an increasingly productive agriculture. Recent surveys indicate that 
58% of soil samples are above soil test K critical levels [> 0.5 cmol(+) kg! Or 
195 mg K kg! (Causarano Medina 2017). 

In summary, countries of the Southern Cone of Latin America generally have 
PNBx levels > 1, with correspondingly negative PNBI values, indicating depletion 
of soil K. In most of the region, crop production under these negative PNBIx levels 
has been sustained from high levels of soil K reserves. However, K deficiencies and 
positive crop responses to K fertilization have been detected in areas such as 
Uruguay because of the continuous decline in the exchangeable and 
non-exchangeable soil K fractions. Site-specific evaluations of soil test K would 
provide information on the rate of decline of soil K supplies. Lastly, K application 
decisions based on soil test calibrations would be required to sustain high crop yields 
and farm profitability and to maintain soil K fertility. 
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Fig. 11.15 Pristine (pre-agricultural) soil test K concentrations at a depth of 0 to —20 cm, according 
to the soil recognition guide of Uruguay. (Califra and Barbazan unpublished) 


11.11 Conclusion 


Estimates of K mass balance provide insight into soil K fertility trends and potential 
short- and long-term impacts of nutrient management practices in crop production 
systems. The availability of reliable data to calculate K mass balances differs among 
geographies. This is reflected in the scale, both spatial and temporal, and resolutions 
at which K balances are estimated and reported in this chapter. Table 11.18 demon- 
strates that the quantity of information used to estimate PNB, and PNBIk varies 
among assessments. Common to all, however, are estimates of K removed in 
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Fig. 11.16 Potassium partial nutrient balance (PNBx) estimates from 1996 to 2015 for field crop 
agriculture in Paraguay. (Causarano Medina 2017) 


harvested agricultural products and K applied as inorganic fertilizer. Besides the 
availability and access to quality data, a large diversity of land use and methodo- 
logical differences in estimating K mass balances are also responsible for divergent 
metrics reported from various parts of the world. Farmer income levels, access to 
information on K nutrition of crops, and translation of scientific knowledge to 
changes in nutrient management practices also play important roles on how K 
mass balances develop in a specific soil-crop context. This reinforces the concept 
that nutrient balances are highly contextual and must be interpreted accordingly. 
Nevertheless, PNB and PNBIx reported in this chapter, provide a useful global 
overview of how K is managed in crops, cropping systems, or in mixed enterprises. 
Nutrient balances are too often reported as snapshots of a year or one cropping cycle, 
but the trends over time are perhaps the most diagnostic of the sustainability of a 
given cropping system and its fertilization practices. 

Temporal changes in soil K balance over decades at national scales are useful to 
provide necessary policy guidance for production, distribution and use of K fertil- 
izers. China is such a case. The highly negative PNBIx levels in soils of China in the 
1980s have now changed to generally positive PNBIy levels, arising from increased 
awareness at the policy and user level, better access to K fertilizers, and their proper 
use in the field. 

The spectrum of PNBIx is tilted more toward the negative side globally as more K 
is removed with each harvest than applied. Potassium applications are typically low 
in historically high K soils (e.g., countries in the Latin America Southern Cone, 
North Africa, Western USA), due to an historic lack of crop yield responses. 
However, crops growing in some soils in these regions are now responding to K 
fertilizer applications, and crops are more frequently showing deficiency symptoms 
when no K is applied. A combination of negative PNBIx and crop response to K 
fertilizer is an unambiguous indication of K fertility decline. 
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The Indian example is noteworthy in this context. The general perception is 
Indian soils are inherently rich in K and do not require further K fertilizer applica- 
tions; however, overwhelming evidence of negative PNBlIy levels at national, 
regional, and cropping system scales, accompanied by large crop yield losses 
when no K fertilizer is applied suggest that site-specific K management is necessary 
to maintain soil K fertility. Negative PNBIx levels and PNBy levels greater than 
unity indicate that a certain portion of crop requirements are derived from native K 
reserves. Irrespective of the soil K status, this process depletes soil K. How soon the 
gradual K depletion will impede crop production is a function of the magnitude of 
the soil K reserve and the level of cropping intensity. Evidence suggests that soils 
with very high K reserves will eventually become depleted under intensive cropping 
when adequate K fertilizer is not applied (the PNBy levels are much greater than 1), 
giving credence to K mass balance as a reliable indicator of soil K mining. 
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Chapter 12 A) 
Considerations for Selecting Potassium dim 
Placement Methods in Soil 


Michael J. Bell, Antonio P. Mallarino, Jeff Volenec, Sylvie Brouder, and 
David W. Franzen 


Abstract Placement strategies can be a key determinant of efficient use of applied 
fertilizer potassium (K), given the relative immobility of K in all except the lightest 
textured soils or high rainfall environments. Limitations to K accessibility by plants 
caused by immobility in the soil are further compounded by the general lack of 
K-stimulated root proliferation in localized soil zones enriched with K alone, 
compared with root proliferation due to concentrated N and P. Further, effects of 
K fixation reactions in soils with certain clay mineralogies and the declining 
concentration and activity of soil solution K with increasing clay content can also 
limit plant K acquisition. Variation in root system characteristics among crops in a 
rotation sequence and fluctuating soil moisture conditions in fertilized soil horizons 
in rain-fed systems increase the complexity of fertilizer placement decisions to 
ensure efficient K recovery and use. This complexity has resulted in extensive 
exploration of fertilizer K application strategies, with this chapter focusing on K 
applications to the soil. Issues discussed include comparisons of broadcast versus 
banded applications, depth of fertilizer placement, and the impacts of co-location of 
K with other nutrients. While research findings are often specific to the crop, soil, 
and seasonal conditions under which they are conducted, we attempt to identify 
strategies that most consistently deliver improved crop recovery and utilization of 
fertilizer K. 
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12.1 Introduction 


Plants typically accumulate potassium (K) in similar quantities to nitrogen (N), with 
the potential for luxury accumulation of plant K resulting in greater K accumulation 
than N in some situations. The scale of crop K requirements and the time-critical 
nature of K uptake, with maximum uptake rates often well in advance of biomass 
accumulation, means that soil K availability and appropriate fertilizer application 
methods are critical to ensure adequate crop K nutrition. While foliar applications of 
K are practiced in the culture of some crops including cotton (Coker et al. 2009) and 
some horticultural crops (Jifon and Lester 2011) fertilizer K applications are typi- 
cally limited to supplementing K uptake from the soil, with the quantity of foliar K 
supplied relatively small compared to total crop K accumulation. Foliar application 
of K is discussed explicitly in Chap. 13 of this book, while this chapter focuses on 
soil K fertilization strategies. 


12.2 Factors Affecting Root Access to Zones of K 
Enrichment 


The main factors affecting the efficiency of applied K recovery involve: (1) the 
interactions between crop root systems and the soil physical and chemical properties 
that affect the movement of K to plant roots and (2) the replenishment of depleted 
soil solution K concentrations in response to plant K uptake. Plant root factors are 
discussed in detail in Chap. 4, but relate primarily to the temporal coincidence of 
active crop roots and K-enriched soil profile layers, the proportion of the crop root 
system that is in the enriched zone, the extent to which those roots can deplete soil 
solution K concentration and/or exploit non-exchangeable soil K. The mobility of K 
through the soil profile, and hence the possible expansion of the zone of K enrich- 
ment beyond the original fertilized soil volume, is an important factor to consider in 
order to understand the interactions between soil-applied K and crop root systems 
that collectively determine plant K uptake. 

Important physical properties such as pore size and pore continuity influence the 
diffusion path length (tortuosity) and hence the rate of diffusive resupply of soil 
solution K depleted by plant uptake. Chemical factors include those that influence 
the impact of applied K on the activity of K in the soil solution (i.e., the K buffer 
capacity—BCx), which is a function of the number and specificity of potential K 
sorption sites (estimated by measurement of cation exchange capacity) and the 
presence of clay minerals that can fix (usually temporarily) some of the applied 
K. These chemical factors also influence the relative importance of diffusion and 
mass flow in meeting crop K requirements. 
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12.2.1 Crop Root Distribution 


Underlying genetics determine the potentially different patterns of root distribution 
among species and genotypes. Some of those differences are fundamental, such as 
the contrast in root system morphology and distribution between fibrous-rooted 
monocots like wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) and 
tap-rooted dicots like cotton (Gossypium spp.) and grain legumes, as illustrated by 
Gulick et al. (1989). In that study, barley exhibited much higher root length densities 
than cotton, especially in the uppermost 12 cm of the soil columns. Cotton was 
characterized by low root length densities throughout the soil profile. Finer-level 
differences between genotypes can also have important implications for functional 
traits like accessing water stored deep in the soil profile (e.g., Liakat et al. 2015) and 
potentially for responding to nutrient-rich patches like fertilizer bands or layers in 
cropped fields. Further, substantive K acquisition differences among cultivars have 
been linked to the root surface area (Brouder and Cassman 1990), although such 
studies remain sparse. However, the contribution of these differences to root system 
function and the crop it supports will be largely determined by the interaction of soil 
characteristics and seasonal conditions in the field (Rich and Watt 2013). As a result, 
the combination of soil type and seasonal conditions, modified by management 
inputs such as tillage system and irrigation, can have major impacts on the root 
distribution of the same genotype of a given species. Statistical analyses of many 
studies suggest that 70% of the root mass of many crop species is usually found in 
the upper 30 cm of the soil profile (Jackson et al. 1996), with irrigation (Gan et al. 
2009) and the adoption of reduced or zero tillage systems (Williams et al. 2013) 
tending to increase the density of roots in the upper horizons. 

This zone of high root density tends to coincide with the zones of greatest nutrient 
enrichment, including fertilizer application, microbial activity, and nutrient cycling; 
in natural systems surface concentration of nutrients is expected as aboveground 
residues accumulate and decompose largely without mechanical soil incorporation. 
Therefore, the acquisition of nutrients from these layers is clearly important. How- 
ever, there is limited evidence that applications of K fertilizer alone impact the root 
distribution within the soil profile (Brouder and Cassman 1994), except perhaps for 
the situation where K application contributed to a reduced severity of crop water 
stress and an extended period of biomass accumulation and root growth (Grzebisz 
et al. 2013). An example is shown from a soybean (Glycine max (L.) Merr.) crop in 
Indiana, USA in Fig. 12.1. The uppermost 5 cm of soil has at least 1.5-fold the root 
length density (RLD) of any other soil profile segment, and the RLD of soybean in 
this study was very low (~ 1 cm cm?) below 20 cm (Fig. 12.1b). Contrasting rates of 
K addition resulted in large differences in soil test K in the 0-5, 5-10 cm soil profile 
increments, but these differences did not impact RLD. Unlike N and P that stimulate 
localized proliferation of fine roots, localized high concentrations of K do not appear 
to enhance root growth (Rengel and Damon 2008). The only recent reports of root 
proliferation in a fertilizer K-enriched soil volume was a report for maize by Perna 
and Menzies (2010) that showed some evidence of root proliferation when 6-12% of 
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Fig 12.1 Distribution of (a) soil exchangeable K (ammonium acetate extraction) and (b) soybean 
roots by soil depth in plots previously fertilized for 6 years with varied rates of K (0-900 kg ha^! 
cumulative additions). Low, medium, and high correspond to soil test K levels less than, approx- 
imately equal to, and greater than 104 mg kg ! measured at 0-20 cm one year after the last K 
addition. Four replicates per category were assessed over 2 years at planting (soil) and R6 (roots). 
Within each graph and depth increment, bars followed by a different letter are significantly different 
(P < 0.05). Legends show a 2-year mean total aboveground K accumulation (A) and seed yields 
(B). Adapted from Fernandez et al. (2008) and Navarrete-Ganchozo (2014) (graph a) and 
Fernández et al. (2009) (graph b) 


the available root volume was enriched with K. Ma et al. (2007) also suggested that 
there was some evidence of roots proliferating in K-enriched compartments of split- 
pot systems relative to unfertilized compartments in the same pot, but effects were 
quite inconsistent. 

Collectively, the literature suggests that large changes in rooting patterns are 
unlikely to occur in response to the application of fertilizer K alone. This then 
suggests that either the volume of K-enriched soil needs to be large enough to 
encompass a significant proportion of the crop root system or that other strategies 
to enhance root activity in the fertilized zone, such as irrigation strategies that ensure 
synchronous availability of soil moisture and K, are enacted. The minimal effect of 
K on root proliferation may partly explain, along with salt effects, the usually small 
effects of starter K applications (fertilizer applied in or near the seeding row at 
planting) on early crop growth and yield, compared to effects of N and P (Kaiser 
et al. 2005; Mallarino et al. 2010). 
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12.2.2 Mobility of K in Soil in Soil Profiles 


Fertilizer K applied to soils initially enriches the soil solution K pool, which is then 
depleted by plant uptake, by rapid adsorption onto exchange sites on clay or organic 
matter surfaces, or by more gradual fixation in wedge and interlayer positions of 
weathered micas, vermiculite, and high-charge smectite (e.g., Goulding 1987, 
Chap. 7). The most important factors affecting the mobility of K in the soil are: 
(1) the cation exchange capacity (CEC) of the soil and the specificity of exchange 
sites for K (both determined by the clay and organic matter content as well as the 
type of clay present); (2) the presence of K-fixing minerals; (3) the formation of 
sparingly soluble reaction products in bands containing K and other nutrients; and 
(4) the seasonal moisture dynamics— specifically the frequency and duration of 
wetting and drying cycles (affecting K fixation and release) and the extent of through 
drainage or leaching (Luo and Jackson 1985; Sparks and Huang 1985). In light- 
textured soils with low CEC and organic matter content, there is a limited capacity to 
adsorb significant amounts of K on the exchange complex. In these soils, a large 
proportion of applied K will remain in the soil solution and may be subject to 
leaching into deeper soil horizons. In terms of increasing the volume of 
K-enriched soil in the crop root zone, this can be beneficial to crop growth; but in 
high rainfall environments, it may result in leaching of K too deeply for access by 
plant roots. In contrast, soils with even moderate CEC will typically adsorb K 
leached from crop residues or applied as fertilizer, such that K is considered as 
sparingly mobile or effectively immobile in the soil profile. This is illustrated in 
Fig. 12.2 (adapted from Bell et al. 2009), with fertilizer incorporated into the top 
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Fig. 12.2 Examples of the mobility of K through the soil profile after an application of 250 kg ha ! 
of K (as KCI) applied into soils with contrasting cation exchange capacities (5-60 cmol(+) kg) in 
northeast Australia (Bell et al. 2009; Halpin et al. 2019). Fertilizer was incorporated into the top 
10 cm of each field profile using mechanical tillage, and soil samples were collected in 10 cm 
increments to 40 cm at 12 months and 750-950 mm of rainfall after fertilizer application. 
Exchangeable K (cmol(+) kg~') data are plotted at the midpoint of each depth increment 
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10 cm of the soil showing no redistribution into deeper soil layers in a Vertisol with 
CEC of 60 cmol(+) kg !, movement into the next 10 cm profile increment in the 
Oxisol with CEC of 11 cmol(+) kg ! and leaching beyond the depth of measurement 
in a Chromosol with CEC of 4 cmol(+) kg. 

Because of their permeability with regards to K, low CEC soils require careful 
management of K applications to ensure efficient use by crops rather than leaching 
losses in high rainfall environments. However, the situation in higher CEC soils 
represents real challenges in ensuring that applied or recycled K enriches the zone 
where crop roots are most active. Particularly in reduced or zero-tillage cropping 
systems, where physical mixing of profile layers has been minimized or eliminated 
entirely, plant-available K reserves become increasingly concentrated near the soil 
surface in a situation commonly described as K stratification (Grant and Bailey 
1994; Mallarino and Borges 2006). The impact of K stratification will depend on the 
frequency with which those K-enriched topsoil layers are rewet and can support 
active root growth during the period of crop K accumulation. In situations where 
in-season rainfall events are infrequent and the crop is reliant on subsoil reserves of 
moisture and nutrients for extended periods, such as the northern Australian grain 
growing regions on Vertisol soils (Bell et al. 2010), root activity and K acquisition 
from these topsoil layers is minimal. 


12.2.3 Movement of K to Plant Roots 


In most situations, the concentration of K in the soil solution is low, primarily due to 
the propensity for rapid adsorption of K onto exchange surfaces. As a result, the 
extent to which mass flow contributes to K supply to the plant root is limited to 
typically <5% of overall plant uptake (Jungk 2001), although this proportion can be 
higher when soil solution K concentration is high. Examples include when high rates 
of K are applied to light-textured soils with low CEC (Rosolem et al. 2003), or when 
soils are irrigated with wastewaters containing elevated K concentrations (Arienzo 
et al. 2009). In most conditions, K supply is dominated by diffusion through the soil 
solution along a concentration gradient established between the plant root surface 
and the undepleted soil solution (Barber 1985). The efficiency of diffusion is 
determined by a variety of soil and seasonal factors, including: (1) the moisture 
content of the soil—effective diffusion rates increase with increasing volumetric 
water content; (2) the impedance or tortuosity of the diffusion path—effective 
diffusion slows as clay content increases or as soil structure is degraded; (3) the 
concentration gradient established between the rhizosphere and surrounding 
undepleted soil—soil solution K concentrations typically decrease as BC, increases, 
lessening the potential concentration gradients; and (4) the soil temperature—diffu- 
sion rates increase with increasing temperature due to lower viscosity of the soil 
water (Barber 1995). 
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These factors obviously interact with the crop root system, with root density and 
inter-root competition in a given soil volume affecting the root depletion profile and 
hence the uptake of K per unit of root length (Jungk 2001; Mengel et al. 2001). 
Species differences in root hair length and mycorrhizal colonization will also affect 
the volume of soil K depletion. 


12.3 Fertilizer K Application Strategies in Soil 


Potassium fertilizer strategies typically involve applications that are broadcast onto 
the soil surface or placed in discrete bands (alone or in combination with other 
nutrients) in the topsoil layers, with or without subsequent incorporation with tillage 
implements. The latter application method is particularly prevalent in reduced or 
no-till systems where soil structure and retention of surface residue cover are 
important management considerations. There is also some use of K in "starter" 
fertilizer programs, where small amounts of nutrients (typically compound fertilizers 
containing N-P or N-P-K, maybe with micronutrient additives) are placed in the 
seeding row or in bands immediately beside or below the seeding trench to ensure 
early contact between developing roots and the nutrient source. However, the 
amount of K applied in this approach is often limited by the risk of salt-induced 
damage to the developing seedlings and their root systems. Although benefits of this 
application method have been observed occasionally, they have been linked to very 
specific circumstances (e.g., delayed planting of full-season maize hybrids in the 
upper US Midwest (Bundy and Andraski 1999). Generally, the impact on the yield 
of this application method has been shown to be inconsistent and sometimes 
detrimental (Mallarino et al. 2010). 

While broadcast applications to the soil surface are typically more cost-effective 
in terms of rate of land area treated, their efficiency in supplying K to the crop 
depends on the extent to which either tillage or rainfall/irrigation can redistribute K 
deeper into the soil profile where roots can access the applied fertilizer. In light- 
textured soils, the low water-holding capacity, high internal drainage rates, and low 
capacity to adsorb K on the exchange complex can facilitate the redistribution of 
broadcast K into deeper profile layers (e.g., the low CEC soil in Fig. 12.2). However, 
in some situations, K can be leached completely from the crop root zone (Alfaro 
et al. 2003; Askegaard et al. 2004). More typically, broadcast K redistributes down 
the profile slowly, and the rate of leaching is greatly exceeded by crop uptake and 
deposition on the soil surface in crop residues. The result is "stratification" of soil K, 
where the concentration of labile K in the top 5-10 cm typically exceeds that in the 
soil layers immediately below (e.g., 10—20 cm and beyond), with the extent depen- 
dent on root distribution and K removal rates (Saarela and Vuorinen 2010). This 
situation is exacerbated by minimum and no-till systems, and K fertilization of 
perennial species where the physical redistribution of K throughout the cultivated 
layer by plows or discs has been minimized or discontinued entirely (Robins and 
Voss 1991; Holanda et al. 1998; Vyn et al. 2002). 
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While the existence of soil profiles with stratified labile K is not necessarily a 
constraint to crop K acquisition, provided those topsoil layers are moist for extended 
periods and characterized by an extensive network of active roots (Fernandez et al. 
2008; Fernandez et al. 2009), intensive cropping can deplete the upper layers of the 
subsoil. This results in an increased reliance on optimal conditions in the topsoil 
layers throughout the period of maximum K uptake (e.g., Cassman et al., 1989). 
Even in growing areas where growing season rainfall for grain production ensures 
moist top soils for K uptake, significant periods of temporal drought may limit K 
availability. This problem is accentuated in growing areas relying on stored soil 
moisture, and in many situations, K application strategies other than broadcasting 
have been adopted. These include banding (Bordoli and Mallarino 1998; Borges and 
Mallarino 2001) as well as occasional tillage operations designed to “redistribute” 
stratified K reserves (Yin and Vyn 2004). 

In reduced- and no-tillage systems, the favored alternative to broadcast application 
is to apply K in bands. The strategies that determine effective K fertilizer banding have 
been developed by considering a number of key principles. These include: (1) not 
placing high fertilizer concentrations close to the seed row to avoid high salt concen- 
trations that have a negative impact on germination and seedling establishment 
(Gelderman 2007); (2) band placement that maximizes root interception and crop K 
acquisition (e.g., below and/or beside the plant line, or in the planting hill); and 
(3) co-locating other nutrients with K to encourage root proliferation in and around 
the fertilizer band (Officer et al. 2009). Bands can be particularly effective in situations 
where the rate of root development and access to a larger soil volume is constrained by 
cold soils or high soil strength/compaction (Oborn et al. 2005), with the higher soil 
solution concentration in the vicinity of the band allowing rapid K uptake. Banding K 
deeper than the common 5-10 cm depth is sometimes beneficial in conditions where 
the topsoil is frequently dry but deeper soil layers have moisture (Bordoli and 
Mallarino 1998). However, the effectiveness of applying K into deeper soil profile 
layers will represent a compromise between placing fertilizer into soil layers that are 
moist enough to allow K acquisition for a greater part of the growing season and also 
having sufficient root length density to enable a significant amount of K uptake. In the 
example in Table 12.1, broadcast application of K to alfalfa resulted in the highest 
yield and greatest K recovery when compared to K injected at discrete soil depths; 
adequate rainfall likely enabled uptake of surface-applied K and precluded K recovery 
from greater soil depths even in a deep-rooted species like alfalfa. 

Another consideration with banded K applications is that as the crop grows and 
the K demand increases, the proportion of plant K that can be supplied from a 
localized fertilizer band enriching a small soil volume diminishes. This suggests that 
where banded K applications are necessary (e.g., no-till systems on heavier textured 
soils), strategies to enhance K diffusion into larger soil volumes or to encourage a 
greater proportion of the crop root system to develop in the proximity of the bands 
(e.g., co-location with other nutrients like N and P; Ma et al. 2011) need to be 
considered. An example of the latter is shown in Fig. 12.3 where the addition of P to 
a band of KCI] fertilizer, either alone or in combination with N, enhances the uptake 
of rubidium (RB) tracer added in the band. While the effects of N are transitory and 
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Table 12.1 Influence of K Depth of K placement | Tissue K | K recovery Yield 
placement depth on tissue K E =I 
concentrations, K recovery, L — ee o Meha. 
and yield of alfalfa. (Petersen Check, No K 10.7 = 4.46 
and Smith 1973) Broadcast 21.7 28 5.06 
7.5 16.5 15 4.92 
722.5 14.5 9 4.66 
37.5 12.2 4 4.59 
52.5 11.6 4 4.72 
67.5 12.0 5 4.82 
82.5 11.4 - 4.12 
LSD* 2.6 0.51 


Potassium as KSO; was surface broadcast or injected as a solu- 
tion into the silt loam soil at specific depths using a Leur-Lok 
syringe. The fertilization rate of 224 kg K/ha was applied on April 
15 and the yield of this 2-year-old alfalfa stand determined on June 
3 

“LSD: least significant difference at p < 0.05 
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Fig. 12.3 Impact of co-locating P or (N and P) on the exploitation of KCl bands by maize and 
cotton plants grown in a Vertisol soil over two experimental cycles with contrasting crop sequences. 
Effects were assessed by quantifying the uptake of Rb (applied as RbCl mixed into a KCI band), 
expressed as a percentage of the total cation accumulation in plant biomass, cmol(+) kg ! dry 
matter. (MJ Bell and PW Moody, unpublished data) 


limited to the first crop in each sequence, the effects of P co-location with K are more 
persistent. 

Greater crop nutrient recovery has sometimes been recorded when fluid forms of 
nutrients have been deployed at similar nutrient rates compared to granular products. 
The improved availability of fluid P over granular P to crops grown on highly 
calcareous soils in South Australia is a good example (Lombi et al. 2004). The 
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mechanism for this response was shown to be increased P diffusion away from the 
point of fertilizer injection, thus enhancing the volume of soil enriched with P and so 
accessible to plant roots. However, there are no reports of similar advantages for 
fluid forms of K fertilizer over granules, perhaps because of the generally greater 
solubility of K fertilizers. Choice of a fluid K formulation would be based on factors 
related to ease of application and the ability to blend different products rather than an 
expected increase in K use efficiency. 


12.4 Quantifying Fertilizer K Recovery 


There has been less research focused on the efficient recovery of applied K fertilizer 
by crops and the utilization of that K in the production of crop or forage biomass and 
harvestable yield than there has for nutrients that are more mobile and/or cause 
off-site impacts in the atmosphere or adjacent water bodies (i.e., N and P). While 
concerns about excessive K applications after land application of wastewaters do 
arise (Arienzo et al. 2009), most scientists consider excessive K application as 
reducing the profitability of crop production and an inefficient use of a natural 
resource, but not having off-site impacts on the environment. The K fertilizer 
placement method can have an impact on the K recovered by plants and what is 
removed from the field at harvest or recycled to the soil, but studies focusing on this 
issue are scarce. Research with corn (Zea mays L.) and soybean has demonstrated 
that banded K fertilizer almost always greatly increases the K uptake during vege- 
tative growth periods relative to broadcast K application for several tillage systems 
(Mallarino et al. 1999; Borges and Mallarino 2000; Borges and Mallarino 2003), 
although the persistence of these effects through to maturity was not measured. 
However, the impact of increased K uptake with banding on net K removal will 
depend greatly on the crop species (Oltmans and Mallarino 2015) and the crop part 
harvested, such as biomass removed in forage or silage production compared to 
harvested grain. 

The metrics used to quantify fertilizer K recovery by crops and the efficiency of 
use to increase yield are discussed in detail in Chap. 5. Interestingly, the 
use-efficiency data (mainly for cereal crops) suggest applied K is used less efficiently 
to produce additional grain yield than either N or P, which may reflect the lower 
critical grain K concentrations for these species and the fact that most crop K is 
returned to the field in roots and residues in these species. This is supported by 
published fertilizer K recoveries in crop biomass that are more in line with reported 
values for N and P (Fixen et al. 2015). 

Reported fertilizer K recovery figures may underestimate crop uptake of 
applied K, as they are generally based on an assumption that only the additional 
crop K uptake in the fertilized treatments, when compared to a 0 K control, are due to 
fertilizer recovery. Given the impact of K fertilizer on soil solution K concentrations, 
especially in the vicinity of bands, and hence the likely improved efficiency of 
diffusive supply across a stronger concentration gradient to a plant root, there may 
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well be some unaccounted preferential fertilizer K exploitation in the fertilized layers 
and some sparing of soil K reserves elsewhere in the soil profile. 

The phenomenon of preferential fertilizer exploitation by crop roots has been 
commonly observed for P through the use of radioactive P isotopes, but there seems 
to have been little published work on the topic for K. There are real opportunities to 
re-examine the use of tracers like Rb to provide more accurate determinations of 
fertilizer K uptake and better assess the efficiency of different K application strate- 
gies. Strategies could include either enriching a K fertilizer band (Hafez and Rains 
1972) or simply by using the relative abundance of K and Rb in unfertilized and 
fertilized treatments (Hafez and Stout 1973). The example of using Rb-enriched KC] 
bands provided in Fig. 12.3 illustrates the insights that can be obtained from using 
such techniques. In that study, biomass K concentration and plant uptake were 
similar in the banded treatments with K alone as in those with added P, or N and 
P. However, the Rb tracer data clearly illustrates more extensive exploitation of the 
fertilizer band, presumably sparing K reserves in the bulk soil, when these other 
nutrients were co-located with K in the fertilizer band. 


12.5 Crop Characteristics Influencing K Application 
Strategy 


To optimize recovery of applied K there must be a spatial coincidence of active roots 
and enriched K layers or patches. Several studies by Barber and collaborators, 
summarized in Barber (1995), have suggested that optimal K recovery required 
fertilizer K to be mixed through a greater proportion of the root zone than for 
P. However, the implications for fertilizer application strategy will vary with the 
physiological characteristics of the root cells, with the inherent root distribution of 
the different plant species or genotype and with the continuity of moisture availabil- 
ity in the fertilized soil layer. 

A recent review by Fan et al. (2016) concluded that at least half of the total root 
mass of agricultural crops grown in temperate regions could be found in the top 
20 cm of the soil profile, while Gan et al. (2009) suggested that these proportions 
may be conservative for a range of winter cereal, oilseed, and pulse crops (i.e., 
>75% of roots in the top 20 cm). These reports showed slightly shallower root 
distributions in temperate systems than the broader global analysis of Jackson et al. 
(1996), suggesting that effective K fertilizer strategies in temperate environments 
should be able to focus on the upper part of the soil profile—a zone that is relatively 
easily accessible to most fertilizer application/tillage equipment. However, the 
applicability of these results to rain-fed cropping systems in the more variable 
rainfall environments of the tropics and subtropics (Bell et al. 2009), or to flood- 
irrigated cotton on heavy clay soils (Lester and Bell 2015) is questionable. In such 
environments, either extended dry periods or excessive moisture and low oxygen 
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availability limit root activity and nutrient acquisition from the uppermost zones of 
the soil. 

An additional complication is apparent in no-till systems. While the proportional 
allocation of root biomass in the topsoil can be pronounced, the spatial heterogeneity 
of the root distribution may limit the effectiveness of exploiting this zone for K. For 
example, an analysis by White and Kirkegaard (2010) suggested that 20-30% of 
wheat roots at 20 cm were confined to pores and cracks wider than normal root 
diameters, with this proportion rapidly increasing to 60% by 60 cm and effectively 
100% at depths of 80-90 cm. This “clumping” of roots around existing pores and 
root channels, rather than being distributed through the bulk soil, may have signif- 
icant implications for the acquisition of a relatively immobile nutrient like 
K. Theoretically, new roots will exploit the same (previously depleted) soil volume 
around these channels, while homogenous fertilizer K distribution would be much 
less effective at replenishing depleted K soil around such biopores. These effects 
would likely be more pronounced in subsoils (i.e., >20 cm depth), where the 
interaction between the distribution of K bands, crop row spacings, biopore density, 
and soil water availability may explain the lack of consistent response to deep bands 
in the literature. 

Given the limited evidence of increased root density in response to soil K 
enrichment in zones/patches, it could be assumed that enrichment of as much of 
the active root zone as possible would be a desirable strategy. Such an approach 
requires either redistribution of surface broadcast K into deeper layers with soil water 
movement (in light-textured soils), or through soil inversion/tillage—including 
occasional strategic tillage operations in otherwise no-till systems (Dang et al. 
2015). The effectiveness of this general approach to K replenishment in the entire 
rooting zone will be determined by soil properties that regulate the extent to which K 
application increases soil solution K activity (e.g., K buffering) and the extent to 
which fertilizer K is fixed into slowly available forms by clay minerals. An example 
of where mixing K through a greater proportion of the root zone has been very 
effective is shown in Fig. 12.4, with crop biomass (15%) and K content (55%) 
increasing with the degree of profile mixing at the same rate of K application. 

An alternative approach is employed when fertilizer K is banded, with very small 
soil volumes enriched. The effectiveness of this K application strategy could be 
considered risky in some soils, given the greatly reduced volume of fertilized soil 
and hence the smaller chance that enough roots will encounter K-enriched soil to 
optimize crop K uptake. However, co-location of K with other nutrients that do 
cause root proliferation such as P (Barber 1995; Ma et al. 2011) can be used to 
increase root density around the fertilizer band and enhance recovery of banded K 
(e.g., Fig. 12.3). There are limited reports of the benefits of this approach in the 
literature, although Brouder and Cassman (1994) were able to demonstrate enhanced 
K uptake in cotton in response to root proliferation in zones where K had been 
co-located with NH4*-N. A possible limitation with a strategy of nutrient co-location 
in bands is the potential to precipitate insoluble K minerals (pool 13—neoformed K 
minerals, discussed in Chap. 7), as a result of radical changes in the pH and ionic 
strength of the soil solution over short periods. Circumstantial evidence of this 
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Fig. 12.4 Impact of various degrees of profile mixing on biomass production (diamond symbols) 
and K accumulation (solid bars) by a peanut crop grown on an Oxisol in NE Australia (Bell et al. 
2009). Treatments range from a surface broadcast application with no incorporation, through to 
aggressive tillage with profile inversion (square plow) to a depth of 25 cm 


phenomenon has been recorded in Australian studies (MJ Bell and DW Lester, 
unpublished data), but further definitive research is needed. 

Finally, the K accumulation dynamics of different crop species may also influ- 
ence the fertilizer application strategies. Different K application strategies may be 
suitable for crops in which the intensity of K demand varies within the growing 
season (e.g., due to the duration of the period of rapid K uptake or internal 
redistribution). As an example, crop K accumulation in a uniculm species like 
maize occurs mainly in a sharply defined period early in the growing season, well 
in advance of maximum dry matter accumulation (Welch and Flannery 1985). 
However, in species with a greater reliance on staggered tiller addition (e.g., grain 
sorghum), or in less determinate species such as cotton (Mullins and Burmester 
1990) or soybean (Hanway 1985), K uptake occurs at lower rates over a longer 
period, mirroring dry matter accumulation. These differences in crop K demand may 
influence the choice of application method (banding vs. broadcast) and the timing of 
K application relative to crop establishment (Chap. 13), including the use of sup- 
plementary foliar K applications during periods of rapid K uptake (maize) or 
redistribution (boll loading in cotton). 
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12.6 Soil Characteristics Influencing K Application 
Strategy 


The most obvious soil characteristic influencing K application strategy is the plant- 
available K status of the soil itself. There are consistent reports of negative K 
balances in many agricultural systems (Oborn et al. 2005; Rengel and Damon 
2008; Bell et al. 2010) suggesting that depletion of native soil K reserves is 
widespread in agricultural lands. The first pre-condition for growers to commence 
a K fertilizer program will be a determination of the plant-available K status and an 
assessment of the likelihood of an economic response. This will involve the collec- 
tion of soil samples representative of the available K status within the crop zone, 
followed by appropriate sample processing, analysis, and result interpretation. As 
mentioned previously, sampling strategies will need to consider the heterogeneity of 
K both vertically and horizontally due to differential K enrichment/depletion of 
profile layers and application of K bands—especially in reduced or zero-till systems. 
Research on K fertility assessments for different placement strategies and under 
different tillage systems is clearly required. 

As outlined in Chap. 8, most commercial laboratory tests typically estimate 
plant-available K as the soil solution and adsorbed K pools measured as 
exchangeable K, although the latter may also contain some K from secondary 
phyllosilicate minerals, depending on mineralogy and extraction method. How- 
ever, the dissolution of structural K may reduce the fertilizer K requirement 
(Moody and Bell 2006), while fixation or release of K from secondary 
phyllosilicate minerals during the growing season may increase or reduce the 
fertilizer K requirement, respectively. Identifying different K pools in the soil for 
which a fertilizer recommendation is being developed is the first step to determine 
a successful K fertilizer strategy. Unfortunately, the current lack of quantitative 
diagnostic tests to link the presence of these K pools to their likely release rates 
under varying rhizosphere conditions can make the decision to apply fertilizer K 
challenging. The development of simple laboratory indices for K fixation (Chap. 8) 
or the development of soil classification and landscape indices linked to the likely 
presence of mineralogy conferring particular K behavior (Chap. 7) may provide 
some benefits in this regard. 

In soils with low BCy [e.g., those with low CEC and low clay content— Barber 
(1985)], even small application rates of K dispersed through the soil volume can 
significantly increase the concentration of K in the soil solution (e.g., the Oxisol soil 
in Fig. 12.5) and ensure the development of stronger concentration gradients and 
more rapid diffusion rates of K to plant roots. In these situations, fertilizer K 
dispersed through the cultivated layer would be expected to result in high efficiency 
of recovery of applied K, because such applications would ensure exposure of a large 
proportion of the root zone to elevated soil solution K. In such soils, comparable 
REx values might be expected from banded applications only where soil structure 
and porosity were such that diffusive supply could efficiently occur over larger 
distances (i.e., strongly structured and with high permeability). In high rainfall 
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Fig. 12.5 The increase in activity of K in the soil solution (ARx) in response to varying rates of K 
fertilizer application for an Oxisol (CEC 11 cmol(+) kg and two Vertisols (CEC 24 and CEC 
50 cmol(+) kg"). Data calculated from Bell et al. (2009) 


environments a subset of these soils with very low CEC (<5 cmol(+) kg )) may 
experience leaching losses of K, and in these cases split applications of broadcast K 
may be an appropriate way to ensure fertilizer K is available to meet crop demands 
and minimize luxury consumption of K by plants. 

Conversely, in soils where BC, is high (e.g., high CEC and high clay contents, 
such as in the CEC 50 Vertisol in Fig. 12.5), a much higher rate of applied K would 
need to be dispersed through the soil volume to generate significant increases in 
either soil solution K concentration or ARx. As an illustration, the rate of applied K 
needed to achieve a specified change in ARx in the CEC 50 Vertisol would be ca. 
4 times that required to achieve the same impact in the Oxisol if the K were dispersed 
through the same soil volume. However, if the applied K is concentrated in fertilizer 
bands there is a much higher effective K application rate in a small soil volume and a 
much more substantial impact on soil solution K and ARy. In these soils, banded 
applications should provide the opportunity for higher fertilizer K recovery efficien- 
cies provided that sufficient root proliferation can be generated in the vicinity of the 
fertilizer band, or that the spatial density of banding is sufficient to ensure that a 
greater proportion of the crop root system has access to zones of elevated solution 
K. Clearly, more research is needed to explore the trade-offs between BCy in 
different soil types and the effectiveness of banded or dispersed fertilizer K appli- 
cation strategies. 

Similarly, soil physical properties are also likely to affect the efficacy of K 
application strategies within BCy classes, with issues such as poor soil structure 
(e.g., in sodic soils) or compaction likely to reduce the effective diffusion path 
length, and hence the efficiency of K supply to roots. In such situations, an 
appropriate response may be to increase the density of K fertilizer bands to ensure 
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a greater number of enriched K patches to compensate for the restricted diffusion 
path lengths around each band. In a similar vein, soils and cropping systems where 
moisture availability is seasonally limited will also experience reduced K diffusion 
rates (Mengel et al. 2001), potentially increasing the frequency of K responses 
provided crop demand is not substantially decreased simultaneously. Such condi- 
tions may prompt use of either higher K application rates (to ensure stronger 
concentration gradients) or placement strategies that ensure fertilizer K is placed 
where soil moisture status is more favorable for longer in the growing season (e.g., 
by placing K bands deeper in the soil profile). 

There is little published information about how fertilizer K application strategies 
could be modified for soils where K fixation is significant. As noted by Blake et al. 
(1999), the recovery of applied K is typically lower on soils with significant K-fixing 
capacity (i.e., only 70% of that recorded on comparable non-K fixing soils in long- 
term fertilizer trials). A common application strategy is simply to increase fertilizer 
K rates to compensate for the lower recoveries. Theoretically, large rates of K 
addition would be needed to saturate the K-specific fixation sites before application 
rates that matched crop removal could be safely adopted (Mengel 2007). For 
nutrients like P, where strong precipitation or fixation reactions can reduce the 
fraction of the applied nutrient that is available for crop uptake in some soils, a 
strategy of minimizing the interaction between the fertilizer and the bulk soil by 
banding has been successfully used to slow the decline in plant-available nutrient 
and to improve crop recovery. The effectiveness of such a strategy for K in soils with 
significant fixation capacity or specific tillage systems may offer some benefits, and 
it may already be occurring in situations where the advantages of banding over 
broadcast K have been recorded (Bordoli and Mallarino 1998; Borges and Mallarino 
2001). This is an area requiring further research. 

A tentative framework for considering the impact of the key soil properties of 
BCx and K fixation on the choice of fertilizer K application strategy is presented in 
Fig. 12.6. While hypothetical, it is based on the concepts discussed in this section 
and could provide the sort of framework upon which to base broader investigations 
of K application strategies. 


12.7 Conclusions 


The relative immobility of K in many soil profiles dictates that agricultural K inputs 
must be managed to ensure a coincidence of K-enriched soil with a significant 
proportion of the active root system during periods of high K demand. This creates 
challenges for fertilizer application strategies and equipment, particularly in systems 
where soil inversion and other forms of aggressive tillage are no longer practiced. A 
better understanding of the capacity of crop and pasture root systems to utilize K-rich 
patches (typically fertilizer bands) will be a key prerequisite for developing success- 
ful K management strategies, as will an understanding of the potential benefits that 
can be achieved through the co-location of different nutrients with K in bands to 
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Fig. 12.6 A tentative framework for allowing for the likely impact of key soil properties on choice 
of banding or broadcast K fertilizer application strategy in the soil. The cation exchange capacity 
(CEC) classes are tentative at this stage, but a framework along these lines could produce a useful 
guide for agricultural land managers 


encourage root proliferation. The appropriate placement strategy (e.g., depth, band 
spacing) will also be critical, and it will vary with soil type (e.g., water holding 
capacity in rainfed situations), climate (temperature and the frequency of effective 
rainfall events), and irrigation availability and method. However, in soils where CEC 
is moderate (10-15 cmol(+) kg )) to high (>15 cmol(+) kg"), there may be real 
advantages in applying large rates of K less frequently across a crop rotation, rather 
than applying lower rates on a crop-by-crop basis. 

Conversely, in light-textured soils with low CEC and limited capacity to 
adsorb K, redistribution of applied K into deeper profile layers is possible if there 
is sufficient drainage, so a broader range of placement options appear to be available. 
The challenges in these systems relate more to ensuring that K remains in the crop 
root zone through the periods of peak K demand, and that leaching losses do not 
reduce the efficiency of K recovery and use. In these situations, K fertilizer man- 
agement is likely to be on a crop-by-crop basis, possibly even requiring split 
applications within a crop season where the potential for leaching losses is high. 

Successful soil K placement strategies will therefore need to reflect the interaction 
of plant, soil, and environmental factors. Development of effective strategies will 
require an improved understanding of the availability of fertilizer K added to soil, 
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plant root system characteristics for different species in a rotation sequence, the 
response of roots to dispersed or concentrated patches of K (and other nutrients), and 
the dynamics of K accumulated in crop biomass and returned to the field in residues. 
This improved understanding will facilitate optimization of soil K placement strat- 
egies that may achieve more efficient use of the fertilizer K resource. 
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Chapter 13 N 
Timing Potassium Applications PS 
to Synchronize with Plant Demand 


V. K. Singh, B. S. Dwivedi, S. S. Rathore, R. P. Mishra, T. Satyanarayana, 
and K. Majumdar 


Abstract Potassium (K) demand by crops is almost as high as that of nitrogen 
(N) and plays a crucial role in many plant metabolic processes. Insufficient K 
application results in soil K mining, deficiency symptoms in crops, and decreased 
crop yields and quality. Crop K demands vary with crop types, growth patterns, 
nutrient needs at different physiological stages, and productivity. Science-based K 
application in crops needs to follow 4R Nutrient Stewardship to ensure high yield, 
improved farm income, and optimum nutrient use efficiency. Studies around the 
world report widespread K deficiency, ranging from tropical to temperate environ- 
ments. Long-term experiments indicate significant yield responses to K application 
and negative K balances where K application is either omitted or applied 
suboptimally. Limited understanding of K supplementation dynamics from soil 
non-exchangeable K pools to the exchangeable and solution phases and over- 
reliance on native K supply to meet crop demand are major reasons for deficit of 
K supply to crops. Research on optimum timing of K fertilizer application in diverse 
climate-soil-crop systems is scarce. The common one-time basal K management 
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practice is often not suitable to supply adequate K to the crops during peak demand 
phases. Besides, changes in crop establishment practices, residue retention, or 
fertigation require new research in terms of rate, time, or source of K application. 
The current review assesses the synchrony of K supply from indigenous soil system 
and from external sources vis-à-vis plant demand under different crops and cropping 
systems for achieving high yield and nutrient use efficiency. 


13.1 Introduction 


Potassium (K) is required by plants in large quantities, equal to or more than nitrogen 
(N), and plays a key role in many metabolic processes. The arable lands are deficient 
in K globally, which include three-fourth of the paddy soils of China and two-third 
of the wheat belt of Southern Australia. Additionally, the export of agricultural 
products and leaching of K, particularly in sandy soils, contribute to the lowering of 
soil K content (Rengel and Damon 2008). Soils on which K deficiency occurs vary 
widely, and include acid sandy soils, waterlogged soils, and saline soils (Mengel and 
Kirkby 2001). Globally, the annual above-ground parts of crops (phytomass) contain 
75, 14, and 60 million tons of N, P, and K, respectively, which are being utilized for 
other purposes (e.g., heating, animal feed, biofuels). In India, animal dung (as fuel 
cakes) and crop residues are used as a source of bioenergy for cooking and heating 
without recycling the K-rich ash or sludge back to farming land that receives only 
low, if any, input of K fertilizers (Hasan 2002). Globally, K is applied at a much 
lower level to replenish only 35% of the K removed by crops (Smil 1999). Hence 
widespread K deficiency is observed in major production regions of the world. 
Potassium-deficient plants, besides producing low yields, become susceptible to 
drought, excess water, high and low temperatures, and to pests, diseases, and 
nematodes. Soil K availability is largely governed by soil mineralogical composi- 
tion. Extent and pathways of weathering of primary K-bearing minerals and the 
dynamic equilibrium between soil K fractions give rise to soils of varying 
K-supplying capacity. Most soils of great alluvial flood plains in Asia were consid- 
ered to have high K fertility due to the abundant presence of K-rich clay minerals 
(Dobermann et al. 1998; De Datta and Mikkelsen 1985), and K was rarely found a 
limiting factor in crop production (Bajwa 1994). Later studies, however, indicated 
continuous soil K depletion due to higher K withdrawal than its supplement 
(Dobermann et al. 1998; Bijay-Singh et al. 2003; Yadvinder-Singh et al. 2005; 
Singh et al. 2013, 2014). 

Recent studies conducted in intensively cultivated areas of India showed imbal- 
anced N use, optimal to suboptimal P use, and complete neglect of K application by 
the farmers (Dwivedi et al. 2001; Singh et al. 2014, 2015a; Syers 2003). Timsina 
et al. (2013) associated soil K fertility depletion with high nutrient demand and 
excessive extraction of K in intensive production systems of Asia. Such depletion 
was further aggravated by the general practice of removing crop residues from the 
field for other competitive uses. This has led to widespread K deficiency in many 
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soils, including the fine-textured soils that originally had high soil K contents. The 
examples include alluvial illitic soils of India (Singh et al. 2015b), lowland rice soils 
of Java (Sri Adiningsih et al. 1991), and vermiculitic clay soils of Central Luzon, 
Philippines (Dobermann and Oberthiir 1997). Evidence from long-term experiments 
in different cropping systems in India and elsewhere showed significant yield 
responses to K application, and negative K balances where K application is either 
omitted or applied suboptimally (Dwivedi et al. 2017). Depletion of soil K has been 
considered as a possible cause of yield decline of rice and wheat in the long-term 
rice-wheat systems (RWS) of Indo-Gangetic Plains (IGP) of South Asia (Ladha 
et al. 2003; Regmi et al. 2002). The K content in crops depends on soil type, crop, 
and fertilizer input; however, concentrations in the range of 0.4-4.3% have been 
reported (Askegaard et al. 2004). Oborn et al. (2005) concluded in a literature survey 
that crop K concentrations are often well below («2.5-3.596) what is needed to 
avoid deficiency. For many crops, the critical K concentration is in the range 0.5-2% 
in dry matter (Leigh and Wyn Jones 1984). 

Potassium demand of crops varies with crop type, growth pattern, nutrient needs 
at different physiological stages, and crop productivity. High K demand of crops is 
associated with its high extraction from soils, which may lead to declining K fertility 
unless the extracted K is replenished through external sources. The use efficiency of 
applied K varies with cropping systems (Singh et al. 2014, 2015b), soil indigenous 
supplying capacity, source, rate, time, and method of K application. These factors, 
along with the variable K availability in soils, needs to be considered while formu- 
lating K management strategies in cropping systems. The current review assesses the 
synchrony of K supply through soil and external sources vis-à-vis plant demand. 
Aspects considered include soil characteristics, indigenous K supply, residue man- 
agement, crop growth behavior, uptake pattern, and the importance of synchronizing 
soil K supply and plant need for sustainable high crop productivity and farm income. 


13.2 Why the Emphasis on Potassium? 


Improving nutrient use efficiency is a global concern. However, among the primary 
nutrients, K often gets less attention compared with N and P. Fixen et al. (2015) 
reported that world partial factor productivity (PFP) for K increased between 1983 
and 2007, approaching 145 kg production kg ! K (Fig. 13.1). In general, PFP for K 
tended to increase in Africa, North America, Europe, and EU15, whereas a down- 
ward trend was observed in Latin America, India, and China. These researchers also 
synthesized global ranges for partial factor productivity (PFP), agronomic efficiency 
(AE), and recovery efficiency (RE) of K for rice-wheat systems, and reported PFP of 
K varying from 75 to 200 kg kg ! K. Similarly, AE and RE varied from 8 to 20 kg 
kg! K and 30-50%, respectively. 

The average RE of K in on-farm trials conducted before 1998 as summarized by 
Dobermann (2007) that fell in the range of 38-51%. In China, the ranges of RE and 
AE (Jin 2012) observed in field trials between 2002 and 2006 were 25-3296 and 
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Fig. 13.1 Partial factor productivity of K in different global regions during 1983-2007. (Fixen et al. 
2015) 


8-12 kg kg ! K for cereal crops. The RE was relatively higher (34-44%) for field 
trials on winter wheat in Northcentral China, while the AE values were in the range 
of 8-10 kg kg! K (He et al. 2012). The researchers observed that the K application 
rates probably exceeded the optimum for the soil K supply of individual site-year 
that led to lower AE values. Dobermann (2007) suggested that AE levels of 
10-20 kg kg! K were realistic targets for cereals on soils that do not have high 
available K reserves. 

In the Indian context, the need for enhancing nutrient use efficiency is felt more 
than ever before for at least two reasons: (i) increasing production of food grains and 
other crops will require more nutrients, whereas there is less likelihood of significant 
increase in fertilizer consumptions in foreseeable future due to economic and 
environmental constraints; and (ii) research established inefficient fertilizer use as 
one of the most important causes of soil health deterioration and lowering farm 
income (Tiwari 2002; Tiwari et al. 2006; Dwivedi and Meena 2015). Enhancing K 
use efficiency (KUE) is of particular significance, as India meets its entire K 
requirement through imports. Besides, the substantial increase in the retail price of 
K fertilizers, consequent to the implementation of nutrient-based subsidy since 2010, 
necessitates judicious use of K fertilizers and calls for enhancement in its use 
efficiency which seldom exceeds 60% KUE. 

Plants acquire K from the soil solution as K* ions. Depending on soil type, 
90-98% of soil K is relatively unavailable. The K-bearing minerals (especially 
feldspar and mica) are the source of soil K, which release K very slowly to the 
more available forms. Readily available K is composed of soil solution K and 
exchangeable K. In general, solution K ranges from | to 2% and exchangeable K 
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from 1 to 10%. An equilibrium exists between non-exchangeable, exchangeable, and 
soil solution K. Because of this equilibrium, some of the soluble K applied as 
fertilizer gets temporarily converted to the non-exchangeable K, thus 
decreasing KUE. 


13.3 The Need to Synchronize Potassium Supply with Plant 
Demand 


In most annual crops, basal application of the full dose of K fertilizer is a common 
practice, though it may lead to low KUE as K demand of crops varies with crop 
growth pattern, nutrient needs at different physiological stages, and productivity 
level. For instance, both rice and wheat require large quantities of K, and a sustained 
supply is necessary until the heading or reproductive stage is over. In fact, most of 
the applied K before/at the time of sowing got exhausted from the soil through its 
further transformations to other K pools, resulting in its lower availability during the 
crop reproductive phase. Thus, an unsynchronized K supply often affects economic 
yield adversely. 

Potassium is highly mobile in plants and differences between genotypes in the 
efficiency of K utilization have been attributed to differences in their capacity to 
translocate K at a cellular and whole plant level (Fig. 13.2). Under K deficiency, 
cytosolic K activity is maintained at the expense of vacuolar K activity (Leigh 2001, 
Memon et al. 1985), even though vacuolar (but not cytosolic) K activity is regulated 
differently in the root and leaf cells (Cuin et al. 2003). The capacity to translocate K 
between organs may also be an important mechanism for efficient K utilization 
within the plant (Dunlop and Tomkins 1976). 

Potassium is not a constituent of any of the cell organelle, but it has a substantial 
regulatory role in the growth and development of plants. Since K is involved in >60 
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enzymatic systems in plants, often referred to as the "the regulator." Potassium helps 
crop plants in the synthesis of carbohydrates, regulates the opening and closing of 
stomata and affects root growth which is required for efficient water use. The K 
stimulates active sites of enzymes for reaction. The K amount in the cell determines 
activation and rates of chemical reaction of enzymes. Therefore, the rate of a given 
enzymatic reaction is regulated by K entering the cell. When K moves into the guard 
cells around the stomata, the cells accumulate water and swell, causing the pores to 
open and allowing smooth gas exchange. When the water supply is short, K is 
pumped out of the guard cells. Under water stress, stomata close tightly to prevent 
excessive loss of water. Accretion of K in plant roots produces a gradient of osmotic 
pressure that draws water into the roots. Plants deficient in K are thus less able to 
absorb water and are more prone to stress when water is scarce. 

Potassium involvement in ATP production and activation of enzymes is undoubt- 
edly more significant in regulating the rate of photosynthesis than is the role of K in 
stomatal activity. The loading of photosynthates in sink is regulated by K. The plant 
transport system uses energy in the form of ATP. If K is inadequate, less ATP is 
available, and the transport system breaks down. This causes photosynthates to build 
up in the leaves, and the rate of photosynthesis is reduced. As a result, the normal 
development of energy storage organs, such as grain, is impeded. An adequate K 
supply helps to keep all of these processes and transportation systems functioning 
normally. Translocation of nitrate, phosphate, calcium (Ca), magnesium (Mg), and 
amino acids is decreased under short supply of K. During the reproductive stages of 
crop plants, K and Mg in source leaves play a critical role by ensuring an adequate 
supply of sucrose and K, Mg, N, P, and S to the grain filling, fruits, and tubers 
(Kirkby and Rómheld 2004). The enzyme nitrate reductase catalyzes the formation 
of proteins, and K is likely responsible for its activation and synthesis. When plants 
are deficient in K, proteins are not synthesized despite an abundance of available 
N. The importance of high harvest index as a mechanism of K utilization efficiency 
has been widely documented for a number of species, including wheat (Damon et al. 
2007, Woodend and Glass 1993, Zhang et al. 1999). Even short periods of K 
deficiency, especially during critical developmental stages, can cause serious losses. 
Potassium improves the physical quality, disease resistance, and shelf life of fruits 
and vegetables and the feeding value of grain and forage crops, and fiber quality of 
cotton. Quality can also be affected in the field before harvesting such as when K 
reduces lodging. Thus, K is required by the plants throughout the life cycle, and the 
synchronized supply of K with demand ensures not only high productivity but also 
the quality of the produce. 

The critical K demand stages of some of the important crops are given in 
Table 13.1. 

Multi-locational studies conducted under cereal-based systems in IGP indicated 
that high K demand of crops is associated with its high extraction from soils, which 
may lead to declining K fertility unless replenished through external sources 
(Dwivedi et al. 2017; Singh et al. 2014, 2018). Other factors that influence the 
efficiency of applied K in the crops are the cropping system followed, indigenous K 
supplying capacity of soil, and source, rate, time, and method of K application. 
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Table 13.1 Critical potassium demand stages in different crops 


Crop* Critical potassium demand crop stages 

Rice Initial growth (15—45 days after transplanting) and panicle emergence 

Wheat Initial crop growth (30 days after sowing), tillering, and reproductive stage 

Maize Initial crop growth (VE to V3), knee-high (V5 to V7) stage, and reproductive stage 


(tasseling, silking, and cob formation) 


Cotton Boll formation and fiber formation 


Sugarcane | Grand growth phase (45-90 days after sowing) and sugar formation stage (120-170 
days after sowing) 


"Cotton (Gossypium hirsutum L.); maize (Zea mays L.) rice (Oryza sativa L.); sugarcane 
(Saccharum giganteum (Walter) Pers.); wheat (Triticum aestivum L.) 


13.4 Managing Potassium to Synchronize Supply 
with Plant Demand 


Soil K remains in four pools, which differ in availability to crop plants. These are soil 
solution K, exchangeable K, non-exchangeable K (positioned in interlayers of clay 
minerals, especially those of the 2:1 type), and structural K (Moody and Bell 2006; 
Majumdar and Sanyal 2015). Potassium that is dissolved in soil water (water- 
soluble) plus that held on the exchange sites on clay particles (exchangeable K) is 
considered readily available for plant use. The soluble and exchangeable K are the 
forms of K measured by the routine soil testing procedure. Plants absorb K from the 
soil solution pool exclusively, which is in a dynamic equilibrium with the exchange- 
able and, to a minor extent, the non-exchangeable pools. Soil solution plays a pivotal 
role in providing the pathway for K uptake from the soil to the plant roots. This pool 
is very low in K concentration, representing only a few percent of total crop demand 
at any given time (McLean and Watson 1985). In such soils, the exchangeable K 
pool can make a considerable contribution (80—10096) to available K for plants 
(Hinsinger and Jaillard 2002) in some cases. Exchangeable K can be rapidly released 
from exchange sites on the surfaces of clay minerals and organic matter to replenish 
the K-depleted soil solution (Steingrobe and Claassen 2000). Non-exchangeable K 
can also be released into soil solution, when the soil solution K concentration 
dropped below 3.5 mM (Springob and Richter 1998). But non-exchangeable K 
release from interlayer sites of clay minerals is a sluggish process and is mostly 
vital in contributing to the renewal of the soil solution and exchangeable pools in the 
long run (Pal et al. 2001a, 2002). The release of structural K into soil solution can be 
affected only by weathering of clay minerals; hence, it is a slow process with 
negligible effect during a single crop cycle (Pal et al. 2001b). Crop uptake synchrony 
is largely determined by the fate of K in the soil-plant system, and the K cycle is a 
powerful depiction to understand this relationship. 

The rhizosphere environment has a profound effect on the native K supply. For 
example, solution K concentrations remain high in flooded rice soils because large 
amounts of soluble Fe^*, Mn?*, and NH," ions brought into solution displace cations 
from the clay complex, and exchangeable K is released. The displacement and 
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release of K from the exchange complex, however, ceases on return to aerobic 
conditions during succeeding crops like wheat, maize, etc. (Timsina et al. 2010). 
In fields with adequate drainage, K and other basic cations can be lost via leaching. 
The leaching losses of K can be substantial in highly permeable soils with low 
cation-exchange capacities. Yadvinder-Singh et al. (2005) found that leaching losses 
of K were 2296 and 1646 of the applied K, respectively, in sandy loam and loamy soil 
maintained at submerged moisture regimes. In Bangladesh, such losses were as high 
as 0.1-0.2 kg K ha! day ! (Timsina and Connor 2001). In RWS of South Asia, a 
common practice is to apply the full basal dose of K fertilizer at the puddling of rice 
and at the sowing of wheat. In well-drained soils having low cation-exchange 
capacity, basal application of K to rice should be avoided. As both rice and wheat 
require large quantities of K, a sustained supply is necessary through the heading 
stage or the reproductive stage is over. On coarse-textured soils, split application of 
K fertilizer in both rice and wheat may give higher nutrient use efficiency than its 
single application due to a reduction in leaching losses and luxury consumption of K 
(Tandon and Sekhon 1988). Tiwari et al. (1992) cited several references showing 
distinct benefits of split K applications. In Indian Punjab, Kolar and Grewal (1989) 
reported an average grain yield advantage of 250 kg ha ! by split application of K 
(half at transplanting + half at the tillering stage of rice), compared with a single 
application at transplanting. 

On-farm studies conducted in RWS in the IGP indicated that the initial 
non-exchangeable soil K concentration before rice planting ranged from 1228 to 
3145 mg kg ! across 60 farmers’ fields, and the yield gain from applied K was 
relatively constant across the range of non-exchangeable K (Fig. 13.3) (Singh et al. 
2013). The relatively small difference in yield gain from applied K across the 
exchangeable soil K range of 60-162 mg kg ' raises concerns about the effective- 
ness of soil testing based only on the assessment of exchangeable soil K to detect the 
probable crop response to applied K for RWS in northern India. Non-exchangeable 
soil K might be particularly important in the illite-dominated soils of the IGP, and 
release and plant uptake of K from this soil fraction might mask the K supplied from 
the exchangeable K fraction (Bijay-Singh et al. 2003). 

Other studies in rice/maize systems in the IGP showed that application of 75 kg 
K50 ha‘! to each crop in two-splits, basal and panicle emergence in rice and basal 
and pre-silking in maize, significantly improved K uptake and grain yield as 
compared to a single full basal application (Table 13.2). 

Surface residue retention in zero-till winter maize in rice/maize systems increased 
K uptake, indicating better synchrony of K supply with crop demand. The increased 
K uptake by crops growing in plots with residue could be due to increased K input 
from crop residues (Table 13.3). Other authors also showed increased K availability 
in upper soil layers when residues are retained on the surface under no-till systems 
(Franzluebbers and Hons 1996). The surface-retained residues decompose slowly 
(Kushwaha et al. 2000; Balota et al. 2004) and may reduce rapid leaching of K 
through the soil profile, which is more likely with the incorporation of crop residue 
into the soil. Increased number of macropores and better aggregation in zero-till 
conditions increased root growth below the 15-cm soil depth, helping K acquisition 
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from deeper soil layers by rice and maize (Singh et al. 2018; Chakraborty et al. 
2008). Surface-retained residues also reduce heat flux in and out of the soil by 
reflecting a large part of the solar radiation, as compared to no residues on the soil 
surface (Singh et al. 2018). Residues buffered soil temperature by 3.5-10 C during 
winter (early growth of maize) and by 0.8-4.8 C during March-April (reproductive 
stage of maize). An increase in soil temperature in the winter helps stimulate root and 
shoot growth, while a reduction in soil temperature during the grain filling stage 
alleviates the adverse impact of heat stress on maize productivity (Gupta et al. 2010; 
Wilhelm et al. 2004; Acharya et al. 1998). Researchers have observed higher 
moisture content in surface soil layers where crop residues are retained, increased 
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Table 13.2 Effect of split K fertilizer application (basal and/or pre-silking) and residue retention 
(removed or retained) on yield, K agronomic efficiency (AEx), and K recovery efficiency (REx) 
under rice—maize system 


Yield AEk REx 
K rate Rice Maize Rice Maize Rice | Maize 
kg K,O ha! |Timing |Residue | Mg ha! |Mgha! |kg grain (kg K)! |kg K (kg K)" 
0 - - 7.91 7.8 - - - - 
75 B rem 8.38 8.4 7.58 9.68 0.524 | 0.502 
75 B+P rem 8.69 8.90 12.58 17.74 0.608 | 0.584 
75 B ret 8.86 9.37 15.32 25.32 0.450 |0.411 
75 B+P ret 9.10 9.54 19.19 28.06 0.533 | 0.528 


B, basal (at sowing); P, pre-silking (V8-V10); rem, residue removed; ret, residue retained 


Table 13.3 Interactive effects of crop establishment methods and residue management on total K 
uptake in maize (5-year cumulative averages) 


Cumulative K uptake in maize* 


(kg ha) 

Residue applied (t ha^!) 

0 4 
Transplanted flooded rice/conventional till maize 859 bB 930 bA 


Conventional till, direct-seeded rice/conventional till maize | 921 bB 1018 aA 


Zero-till, direct seeded rice/zero-till maize 


“Within a given level of residue application, cumulative K uptake quantities of different cropping 
systems that are followed by different lowercase letters are significantly different ( p « 0.05); within 
a given cropping system, cumulative K uptake quantities associated with the two levels of residue 
application that are followed by different capital letters are significantly different (p « 0.05) 


the thermal capacity of the soil, and reduced the soil temperature regime (Govaerts 
et al. 2009; Verhulst et al. 2010). 

Potassium is required in large quantities by cotton, with peak uptake rates ranging 
from 3 to 5 kg K ha! day"! (Halevy 1976). The developing cotton bolls are the 
largest K sink in the cotton plant (Howard et al. 1998). The K requirement dramat- 
ically increases during boll formation of cotton and, therefore, K application 
becomes crucial during the reproductive stage for higher yield (Abaye 2009). The 
rate of K uptake is slow during the seedling stage, about 10% of the total, but 
increases rapidly at flowering and reaches a maximum of 4.6 kg ha ' day ! between 
72 and 84 days after planting (Halevy 1976). Mullins and Burmester (1990) reported 
maximum accumulation of K in cotton at the start of flowering, and the K uptake was 
highest during mid-bloom and then declined rapidly as the boll matured. They 
reported a maximum K uptake rate of 2.5-3.9 kg K ha! day’ at flowering from 
63 to 98 days after planting. During the critical period of simultaneous boll set, 
growth, and development, inadequate K uptake by the roots causes boll abortion and 
shedding (Pettigrew 2008). Obviously, lack of synchrony between the plant demand 
and soil K supply results in decreased fiber quality and lowered yields. In Pakistan, 
application of 100 kg K;O ha ! as two equal splits, and 200 kg K30 ha ' as four 
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Fig. 13.4 Effect of K fertilization rates and application time on seed cotton yield in Pakistan. 
Ko = No-K; K, = 100 kg K5O ha! single basal application; Ki, = 100 kg K,0 ha! (50% at 
sowing and 50% at 45 days after sowing; K2 = 200 kg K5O ha ! basal application; Ko, = 200 kg 
KO ha^! (25% at sowing; 25% at 30 days after sowing; 25% at 45 days after sowing; and 25% at 
60 days after sowing). Columns with the same letters do not significantly differ (LSD=0.05). 
Adapted from Muhammad et al. (2016) 


equal splits produced 3.6% and 7% higher seed-cotton yield, respectively, compared 
to a single K fertilizer dose applied at sowing (Muhammad et al. 2016) (Fig. 13.4). 
The K requirement of cotton can be met by pre-plant soil application and/or 
mid-season side-dressing of K. 

Foliar K applications offer the opportunity to correct the deficiency, especially at 
later growth stages when soil application may not be effective. The K concentration 
in leaf petioles of cotton improved significantly at 70, 90, and 110 days after sowing 
when 2% KNO; sprays were made at critical crop demand stages (Jyothi et al. 2016, 
Table 13.4). Studies conducted in Tennessee, USA, reported increased cotton yield 
following foliar K fertilization when applied in a no-till system (Abaye 2009). Three 
to four foliar applications of K (2.0% w/v K2SOx,) are recommended during peak 
boll development at 7—10-day intervals, beginning about 2 weeks after flower 
initiation. 

In sugarcane-based cropping systems of northwest India, application of 120 kg 
K5O ha ! to both the initially planted crop as well the succeeding ratoon crop had the 
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Table 13.5 Effect of split application of 120 kg K ha^! on yield and potassium recovery efficiency 
(REx) of sugarcane and wheat under sugarcane-ratoon-wheat system 


Yield REx 
Sugarcane 

Potassium rate and Sugarcane | Sugarcane Sugarcane | ratoon 
time of application plant crop  |ratoon Wheat | plant crop | crop Wheat 
kg K20 ha! Mg ha’ kg K (kg Ky! 
0 49.4 61.7 3:7. - - - 
120 to sugarcane plant | 56.4 68.2 3.5 0.513 - 0.514 
crop as basal 
60 to plant crop as 67.4 80.6 3.9 0.678 - 0.521 
basal and 60 to plant 
crop at grand growth 
phase 
60 to plant crop as 55.7 81.3 4.1 0.546 0.597 0.589 
basal and 60 to ratoon 
as basal 
60 to ratoon as basal 68.6 92.3 4.8 0.668 0.736 0.602 
and 60 to ratoon at 
grand growth phase 


Singh et al. (2008) 


highest biomass productivity, compared with K application to planted crop only 
(Table 13.5). Additionally, K application in two splits (basal and at grand growth 
stage) resulted in higher yield, K use efficiency, and juice quality (Singh et al. 2008). 
In Florida, the recommended application rate has been as high as 450 kg K5O ha^! 
for the first growth cycle (ratoon), then reduced to 270 kg K5O ha'! for the second 
and third ratoons (Rice et al. 2006). Hunsigi (2011) suggested application of up to 
350 kg K;O ha^! and 117 kg KO ha ' for the first and second ratoons of sugarcane, 
respectively. Singh et al. (2008) settled on a standard rate of 150 kg KO ha™ in their 
experimental studies in India, while De Oliveira et al. (2016) concluded that 98 kg 
KO ha ! would be sufficient to obtain a stable sugarcane yield of 80 t ha’. 


13.5 Fertigation for Synchronized Potassium Supply 


Fertigation provides an excellent opportunity to optimize nutrient application to 
crops, with co-benefits of greater nutrient and water use efficiencies and economic 
return compared with soil application. The nutrient application rate and time can be 
more precisely regulated in fertigation to match crop demand at different growth 
stages. Another advantage of applying K through fertigation is that it minimizes the 
risk applied K being removed from the solution through clay fixation. Synchronized 
application of K with plant demand and applying the fertilizer K precisely in the root 
zone reduces the residence time of the K fertilizer in the soil, thus minimizing the 
contact of the K ions with the soil volume. However, when plant K demands are 
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Table 13.6 Potassium recommendation (kg K5O ha!) at different stages of crops under micro- 
irrigation-based fertigation 


Fruit setting stage to | Fruit setting 
Transplanting | 6leafto fruit | fruit development stage to ripening 
to 6 leaf stage | setting stage | stage stage Total 
kg 
K,0 


kg KO ha! |kgK,Oha! | kg K,O ha! kg K50 ha” 


Potato 
Tomato 


Bell pepper | 58 35 45 172 310 
Onion 60 32 171 32 295 
Red 32 35 173 - 240 
cabbage 

Carrot 120 171 171 - 400 
Lettuce 122 35 - - 90 
Cucumber 121 35 35 - 125 
Watermelon 10 25 75 — 120 


Unpublished data from authors 

“Bell pepper (Capsicum annuum L.); carrot (Daucus carota subsp. sativus (Hoffm.) Arcang.); 
cucumber (Cucumis sativus L.); lettuce (Lactuca sativa L.); onion (Allium cepa L.); potato 
(Solanum tuberosum L.); red cabbage (Brassica oleracea L.); tomato (Solanum lycopersicum L.); 
watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai) 


high, supplying the entire plant K requirement via fertigation will require a contin- 
uous nutrient supply throughout the growing season to ensure optimum yield and 
quality (Kafkafi and Tarchitzky 2011). Gupta et al. (2015) suggested drip irrigation 
at 80% evapotranspiration (ET) and fertigation with 60% of the recommended NPK 
for improving yield and water and nutrient use efficiencies in tomato. Fertilizers with 
high solubility are used for fertigation. Several of the common K fertilizers such as 
potassium chloride (KCl; MOP), potassium sulfate (SOP), monopotassium phos- 
phate (MKP), and potassium nitrate (KNO3) are excellent sources for fertigation. 
Potassium recommendations for different crops grown under micro-irrigation-based 
fertigation are given in Table 13.6. 


13.6 Use of Decision Support Tools 


The fertilizer decision support tool, Nutrient Expert?, developed by the International 
Plant Nutrition Institute (IPNI) along with several national and international part- 
ners, has been successfully used to estimate site-specific K recommendation for 
major cereal crops and cropping systems. On-farm studies in different agro- 
ecologies in India showed that the tool-based K recommendations for rice—wheat, 
rice-rice, rice-maize, and maize—wheat systems, based on the nutrient demand of a 
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Table 13.7 Effect of Nutrient Expert? (NE)-based K inputs on grain yield and K uptake under 
cereal-based cropping systems 


K use Grain yield K uptake 
Diff. Yield gain over 
Cropping FFP | NE |(NE-FFP) | FFP |NE | FFP FFP | NE 
system Crop | kg K,0 ha! Mg ha’ % kg Kha! 
Rice—wheat Rice 40 |67 | +27 5.1 | 5.83 | 14 104 | 139 
Wheat | O | 64 | +64 3.66 | 4.18 | 14 89 | 101 
Rice-rice Rice 60 /|61 |+1 4.28 |4.98 |16 81 |106 
(m) 
Rice 52 |46 |+6 4.67 |5.38 |15 91 |124 
(w) 
Maize-wheat |Maize |19 |44 |425 21 /|3.5 |67 57 78 
Wheat | O |63 | +63 2.21 | 3.51 |59 52 | 8l 


FFP, farmer fertilizer practice; NE, Nutrient Expert? recommendations 

Unpublished data from authors 

"Maize (Zea mays L.); rice (Oryza sativa L.); rice (m), rice grown during the monsoon season; rice 
(w), winter rice; wheat (Triticum aestivum L.) 


Table 13.8 A comparison of the effects of a single basal K application (State recommendation) 
with split K applications (recommended by Nutrient Expert?) for two different maize yield targets 
on: grain yield, K partial factor productivity (PFP,), and grain produced per rupee invested 


Fertilizer K rate 
40 days 
after Grain Grain produced 
Basal |sowing Total | yield | PFP& per rupee invested 
Mg kg grain | kg grain (rupee 
K recommendation kg K ha! ha! (kg Ky! | invested)! 
State 62 - 62 4.10 66.1 1.68 
NE using a 6 Mg ha! |38 25 63 5.59 887 2.26 
yield target 
NE using a 7 Mg ha! | 40 27 67 6.19 92.4 2.35 
yield target 


NE, Nutrient Expert; State, state recommendation 
Unpublished data from authors 


high-yielding cereal crop and the soil nutrient supplying capacity, increased crop 
yield and K uptake over the existing farmers' fertilizer practices (Table 13.7). 

The Nutrient Expert considers the yield targets along with soil indigenous 
nutrient supplying capacity to determine the K application rate. It also recommends 
the time of application to meet K demand at the right physiological growth stages of 
the crop. Such synchronized K supply to the crops led to higher K uptake and K use 
efficiencies. A recent study conducted in IGP indicated that the K recommendations 
from the Nutrient Expert varied with changing yield targets. The yield gain and 
efficiency parameters (partial factor productivity and economic KUE) were more 
with highest yield targets (7 t ha^!) (Table 13.8). 
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13.7 Future Thrusts 


The timing of K fertilizer application to crops is site- and crop-specific. Typically, K 
fertilizers are applied at the time of land preparation as K is relatively immobile in 
the soil. It presupposes that the basally applied K will be held by the soil matrix and 
will continue to meet the K demand throughout the crop growth period. However, 
the variability in soil types in terms of cation-holding capacities and texture may 
change the mobility of K ions within the soil. For example, a highly weathered red 
and lateritic soil would most likely not have enough K-holding capacity, and the fast 
percolation of water in such soils can facilitate the loss of K from the root zone. 
Under such situations, a split application of K is appropriate to ensure an adequate 
supply at the right physiological stages. Research is necessary to outline the best 
time of application of K fertilizers in the crop-soil context that integrates the soil 
characteristics, duration of the crop-growing period, physiological stages of high K 
demand, and the influence of seasonal differences on physiological growth stages. 

It is well recognized that K plays a significant role in the transport of photosyn- 
thates to economic plant parts during the reproductive phase. So splitting K appli- 
cations to match the demand at the initial growth stage and at the reproductive phase 
can ensure better productivity and KUE. Evidence from recent research in rice 
nutrition showed significant gains when the basal K application is skipped, and K 
is applied at the time of maximum tillering and panicle initiation. This particularly 
makes sense for puddled transplanted rice, where submergence releases soil matrix- 
held K into a solution that can meet the K demand of early growth, and the external 
K application could be done at the reproductive stage. More research is needed, not 
only for rice but also for other crops, to outline suitable fertilizer-splitting strategies 
for K, and the proportion of K fertilizer to be applied in each split. 

Developing a better fertilizer-splitting strategy for crops has another practical 
advantage, particularly in areas where access to K fertilizers is limited. Many farmers 
often skip K application entirely when they cannot apply fertilizer K at the time of 
land preparation due to the unavailability of K fertilizer in the market. A better 
understanding of the benefits of late-applied K on yield, quality, and nutrient use 
efficiencies will provide farmers incentive to apply K at later growth stages for better 
return on investment. Another important area of research is optimizing K application 
in cropping systems where multiple crops are grown in sequence. Significant gains, 
both in crop yield and KUE could be achieved by developing application strategies 
that are based on the K requirement of the component crops grown in sequence and 
the crop growing ecology. For example, in a rice (anaerobic)-maize (aerobic) 
cropping system, better utilization efficiency could likely be achieved by applying 
the lower proportion of the total system K requirement to rice and the rest higher 
proportion to maize. Similar research on intercropping is necessary wherein very 
little guidance is available regarding K application to match crop demand. 

Crop establishment under zero-tillage and the return of crop residues also have a 
profound impact on K dynamics in soils that influence the optimal timing and rate of 
K fertilizer application. However, in most cases, protocols of K fertilizer application 
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in conventional tillage systems are replicated in no-till systems, with limited under- 
standing of K release from crop residues and their utilization by crops or loss from 
the system. Significant knowledge gaps are also evident in farming systems where 
crops receive nutrients through fertigation or through foliar fertilization. What 
should be the rates or timing of K application in such systems where expected 
nutrient use efficiencies are significantly higher than soil-applied nutrients need 
further research to accrue full benefits of investments made on deploying foliar or 
fertigation systems. 

In general, the right time of K fertilizer application rates for major crops like rice, 
wheat, maize, plantation, and cash crops are well defined. But much remains to be 
done to understand how to synchronize K application with plant demand for 
cropping systems, intercrops, and minor crops that fit into specific cropping systems 
where significant variabilities challenge timing decisions. 


13.8 Conclusion 


Potassium is a major nutrient required for many physiological functions in the plants. 
Adequate K application based on specific crop requirements (quantity) and synchro- 
nizing it with the high K demand stages of the crops (timing) are essential for 
optimum crop growth and productivity. Matching K application with the crop 
demand also ensures the effective utilization of applied K nutrients by the plants 
leading to higher KUE and return on investment. Despite high K requirements, its 
applications in crops are limited and a negative partial balance of K is common in 
most of the intensively cultivated regions of the world. This chapter, besides 
summarizing the benefits of adequate and synchronized K input on yield, produce 
quality, and KUE, also highlights significant knowledge gaps in defining the most 
appropriate time of K fertilizer application in specific climate-soil-crop combina- 
tions. Intensive agriculture systems around the world will benefit by bridging these 
knowledge gaps to produce more from less lands with the efficient use of K 
fertilizers. The foregoing discussions established the significance of judicious K 
input for enhancing productivity and use efficiency of K and other nutrients in 
cropping systems. The myths of adequacy of soil K in the alluvial soils, such as in 
the Indo-Gangetic Plain, have been negated by profuse crop responses to K fertili- 
zation in these regions. Studies on synchronizing K supplies with crop demand are, 
however, scarce despite their significance in improving K fertilizer recommenda- 
tions. Future investigations should involve crop- and soil-specific comparison of 
split application vis-à-vis conventional one-time application with respect to crop 
yields, use efficiency, native K mining, and losses from root zone. 
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Chapter 14 (f 
Broadening the Objectives of Future dim 
Potassium Recommendations 


Jeffrey J. Volenec, Sylvie M. Brouder, and T. Scott Murrell 


Abstract Potassium (K) fertilizer recommendations for annual crops in the USA are 
generally founded in soil test results. The goal of this chapter is to highlight 
additional plant-related traits that may impact crop responses to K fertilization. 
This includes the role of tissue testing, the influence of luxury consumption, genetic 
improvement of K use efficiency, genotype x environment x management interac- 
tions on K uptake and yield, response to foliar K fertilization, intraplant K cycling, 
fungal associations and K uptake, the influence of K on crop quality, and the role of 
K in abiotic stress tolerance. Recognizing the potential role of these plant factors 
may help reconcile response inconsistencies based solely on soil test information, 
and improve future K recommendations. Finally, we hope to highlight knowledge 
gaps and opportunities for additional integrated soil-plant K research. 


14.1 Introduction 


The impact of potassium (K) on growth and yield has been previously compiled and 
summarized for a wide array of agronomic and horticultural crop species (Munson 
1985). In addition, the chemistry of K in soils, the K cycle, and K soil testing 
methods and corresponding recommendations are discussed at length elsewhere in 
this book, and as such, these details will not be discussed here. Collectively, these 
results and other research findings have been translated into an array of Extension 
publications used to guide soil fertility/plant nutrition practices of farmers (e.g., 
Vitosh et al. 1995; Buchholz et al. 2004). For K, this translation process continues in 
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an effort to reconcile state-specific K recommendations and to resolve inconsis- 
tencies between these recommendations and incorporate findings from emerging 
research. The goal of this chapter is to broaden our understanding of K in crop 
performance by building on traditional concepts, expanding knowledge into 
nontraditional issues, and highlighting knowledge gaps and opportunities for addi- 
tional research. 


14.2 Soil and Tissue Testing 


14.2.1 Soil Testing for Potassium 


Traditionally, soil testing is used to predict yield responses to K fertilizer application, 
and this approach can work well (Slaton et al. 2010). However, the relationship 
between soil test K and seed yield can be inconsistent and not accurately predict crop 
response to fertilizer application. For example, Clover and Mallarino (2013) 
conducted K fertilizer response trials for maize (Zea mays L.) and soybean (Glycine 
max L. Merr.) yield on over 50 site-years in Iowa. The 16 site-years responsive to K 
fertilizer application had soil test K levels <173 mg K kg. However, another 
18 site-years in this study also had soil test K levels below this “critical level” 
(<173 mg K kg™' soil) and these were unresponsive to K fertilizer applications. 
Other work in Iowa with maize showed grain yield unresponsive to fertilizer K 
applications at 22 of 28 sites, even though soil test K concentrations ranged from 
85 to 172 mg K kg ' soil (Mallarino and Higashi 2009). Intensive sampling 
campaigns have revealed unforeseen temporal and spatial variation in soil test K 
estimates that can preclude an accurate assessment of soil test K, and negate an 
association with yield from being realized (Randall et al. 1997; Borges and 
Mallarino 1998; Lissbrant et al. 2010). 


14.2.2 Tissue Testing for Potassium 


Tissue testing can supplement soil testing and augment efforts to predict crop 
responses to K fertilizer application, but results from tissue K testing can vary 
with species, stage of plant growth, and the tissue used for analysis (McNaught 
1958; Page and Talibudeen 1982). Macy (1936) introduced the concept of "critical 
percentage” of each nutrient, above which there is “luxury consumption" and below 
which there is “poverty adjustment." Results from a multistate K nutrition trial with 
maize (Hanway 1962; Fig. 14.1) identified a critical percentage of 10.3 g K kg! 
DM. Tissue K concentrations at most sites in this trial were above this critical 
concentration and would be considered in the luxury consumption category. Tyner 
(1947) estimated the critical leaf K concentration for maize to be 13.0 g K kg! 
DM. This generally agrees with more recent results where the critical concentration 


14 Broadening the Objectives of Future Potassium Recommendations 387 


Fig. 14.1 Relationship 
between aboveground dry 
weight and tissue K 
concentrations of maize at 


100 


silking. Plant mass data o 
were adjusted relative to the 
highest yield at each 80 
location-year. Linear- 
plateau regression was used 70 
to identify the critical K 
concentration for maize 
60 Y = 47.5 = 4.43x v MN 


tissues in this study 

(10.3 g kg! DM) above 
which yield did not increase 
(e.g., luxury consumption). 0 5 10 15 20 25 30 35 40 
(Adapted from Hanway Concentration of K in maize plants 

1962) at silking (g K [kg DMJ") 


(when x < 10.30; Y = 93 when x > 10.30) 
R?2 = 0.15** 


Whole-plant yield at silking (9o of max) 


of K in maize vegetative tissues was reported to be in the range of 
10.227142 g K kg! DM (Page and Talibudeen 1982; Clover and Mallarino 2013; 
Stammer and Mallarino 2018) and the critical concentration identified in Fig. 14.1. 
While significant relationships were evident between soil test K levels and K 
concentrations in whole plants (at V5—V6), stems, and ear leaves, it was only the 
latter tissue whose K concentrations were associated with grain yield critical con- 
centration (12.3 g K kg ' DM, Mallarino and Higashi 2009). Like maize, leaf 
tissues, rather than whole-plant samples are more closely associated with soybean 
grain yield (Slaton et al. 2010; Clover and Mallarino 2013; Stammer and Mallarino 
2018). The yield was reduced as leaf K concentrations of soybean sampled at ~R2 
(late flowering) declined below a critical concentration range of 15.6-20.0 g K kg! 
DM. Extension recommendations (Vitosh et al. 1995; Kaiser et al. 2016; Brown 
2017) generally identify higher critical K concentrations for maize ear 
(18.0-30.0 g K kg! DM) and soybean leaves (17.0-25.0 g K kg! DM) than the 
studies reported here. Opportunity clearly exists to broaden the implementation of 
tissue testing in K fertility recommendations by enhancing our understanding of 
critical K concentrations in select tissues of major crop species. 


14.2.3 Luxury Consumption of Potassium 


Using tissue testing for K fertility management is complicated by a phenomenon 
known as luxury consumption (Hanway and Weber 1971). Luxury consumption 
occurs when fertilization increases tissue nutrient concentrations without a 
corresponding increase in biomass (Macy 1936). For example, modest rates of K 
fertilization (up to 180 kg K ha ! year !) increased yields, whereas higher K 
application rates (up to 270 kg K year!) failed to further increase but resulted in 
high tissue K concentrations in alfalfa (Medicago sativa L.) (de Campos Bernardi 
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et al. 2013). Luxury K consumption also has been reported in soybean and maize 
where K concentrations in vegetative tissues of nearly twice the critical value 
necessary for high grain yield have been reported (Clover and Mallarino 2013). 

In a long-term maize K nutrition study, Qiu et al. (2014) reported that fertilizing 
with 225 kg K ha ! failed to increase grain and stover yields and grain K concen- 
trations over the intermediate K fertilizer rate (113 kg K ha), but did result in 
higher stover K concentrations. This luxury consumption reduced all measures of 
potassium use efficiency (KUE) including K harvest index, agronomic efficiency 
(kg kg~'), partial factor productivity (kg kg~'), and K recovery efficiency (%). In 
addition to reduced efficiencies, extremely high rates of K fertilization as KCI can 
reduce growth or even kill plants (Page and Talibudeen 1982). Smith and colleagues 
(Rominger et al. 1976; Smith et al. 1981) applied up to 3000 kg K ha’! to alfalfa 
(Medicago sativa L.) and reported very high tissue K (up to 60 g K kg! DM) and CI 
(up to 80 g Cl kg! DM) concentrations that were associated with reduced yield/ 
plant death due to the high Cl concentrations. These extremely high rates of K 
fertilization are uneconomical, but also illustrate the negative agronomic conse- 
quences that can occur with extreme luxury consumption. 


14.3 Factors Influencing Potassium Uptake 


14.3.1 Genetics and Potassium Uptake 


Interest in yield-K relationships has evolved from simple yield responses to issues 
focused on genetic (G), environmental (E), and management (M) strategies and their 
interactions (G x E x M) that alter K uptake and use in crops. This information 
underpins the current interest in 4R Nutrient Stewardship Programs (http://www. 
nutrientstewardship.com/). Unfortunately, less is known regarding the G x Ex M 
effects on K nutrition than is known for nitrogen (N) and phosphorus (P), in part, 
because the potential environmental issues associated with N and P have stimulated 
more research on these nutrients. Early work by Kleese et al. (1968) reported 
significant G effects for seed K of wheat (Triticum aestivum L.), barley (Hordeum 
vulgare L.) and soybean, and little G x E effects despite large apparent (but 
unreported) differences in soil fertility between the two locations of the trial. They 
concluded that a single environment might suffice for screening genotypes for 
differences in mineral accumulation. Differences in soil K levels does not always 
alter seed K concentrations. Mallarino and Higashi (2009) observed no effect of a 
fourfold range in soil test K on maize grain K concentrations, although soil test K 
levels did alter K concentrations of vegetative tissue. Forage K concentrations of 
sorghum (Sorghum bicolor L.) hybrids exhibited a nearly twofold range (Gorz et al. 
1987). General combining ability and additive gene action was more important than 
specific combining ability in determining herbage K concentrations of sorghum. 
Kaiser et al. (2014) analyzed leaf nutrient concentrations of flag leaves from spring 
wheat at heading in 18 site-years. They reported significant G, E, and G x E 
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interaction effects for K (and most other nutrients). Flag leaf K concentrations 
ranged from 13.5 to 19.2 g K kg! DM in the 14 genotypes analyzed. Six genotypes 
responded consistently across environments, while the other eight, and especially the 
varieties Albany and Vantage, contributed extensively to the G x E effects. Because 
of this interaction, these authors suggested that critical concentrations/sufficiency 
ranges should be developed for individual genotypes or groups of varieties. This 
G x E for tissue K concentrations may contribute to the extensive variation often 
observed in tissue K-yield relationships, including those illustrated in Fig. 14.1. 


14.3.2 Potassium Uptake and Yield 


While direct genetic selection for increased KUE has not been reported, indirect 
improvement of KUE with selection for higher yield is viewed as a desirable 
outcome (Rengel and Damon 2008). Ciampitti and Vyn (2014) assembled a 
literature-based dataset to examine the relationship between maize grain yield and 
uptake of N, P, and K. These data were parsed into groups representing different eras 
of maize improvement (1880-1960, 1961-1975, 1976-1985, 1986-1995, 
1996-2005, and 2006-2012) with each group containing from 59 to 455 individual 
observations. Data were further separated into that originating from the United States 
(US) and data from 31 other countries (“world”) exclusive of the US. Regression of 
plant K uptake and grain yield revealed a linear relationship inclusive of both old and 
new hybrids that were independent of geography (Fig. 14.2). The slope of this line 
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Fig. 14.2 Relationship between maize grain yield and plant K uptake. Data points represent results 
from historical periods (1880-1960 [US only]; 1961-1975; 1976-1985; 1986-1996; 1996-2005; 
2006-2012) and include from 59 to 455 observations per point. The linear regression includes all 
data. The dotted line illustrates a theoretical trend if K use efficiency had improved during this 
period of selection for high maize yields. (Adapted from Ciampitti and Vyn 2014) 
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Fig.14.3 Herbage K accumulation of alfalfa scales with alfalfa yield. Plots were fertilized with five 
K (0, 100, 200, 300, and 400 kg K ha™' year!) and four P (0, 25, 50, and 75 kg P ha^! year!) 
application rates and harvested four times in each of 7 years. Fertilizer applications were split with 
one-half the total annual amount applied after the first harvest in May and the other half applied after 
the final herbage harvest in September. (Adapted from Berg et al. 2005, 2007) 


indicates an uptake of 22.8 g K kg! of grain produced; a value that has remained 


effectively unchanged for over a century. 

A departure from linearity where modern hybrids produced high yields with less 
K uptake was not observed (Fig. 14.2, dotted line). This suggests that new hybrids 
had similar KUE as old hybrids; all hybrids required proportional amounts of K to 
produce grain. This conclusion is supported by estimates of the physiological 
efficiency of K (PE, grain yield per K content ratio at maturity) that remained largely 
unchanged irrespective of hybrid yield/era (Ciampitti and Vyn 2014). In a similar 
study, Morgounov et al. (2013) reported that spring wheat yield doubled between 
1930s era varieties and those released after 1986. Seed N concentrations declined 
slightly, whereas grain K concentrations remained constant in response to selection 
for high yield. As with maize, K uptake scaled with grain yield, and KUE remained 
unchanged by selection for high grain yield. By comparison, total K uptake (kg ha )) 
by cotton (Gossypium hirsutum L.) was unaffected as the lint yield of varieties 
released between the 1970s and 2006 increased (Rochester and Constable 2015). As 
a result, K uptake efficiency was improved with selection for yield from approxi- 
mately 10-13 kg lint kg! K uptake. 

The relatively conserved relationship described for K uptake-grain yield also is 
observed with K removal-forage yield (Berg et al. 2005, 2007). Analysis of alfalfa 
samples obtained from four annual harvests of 80 plots receiving 4 P (0—75 kg P 
ha 5i and 5 K (0-400 kg K ha!) fertilizer rates over 7 years (28 total harvests, 2240 
observations) revealed that, like maize (Fig. 14.2), uptake of K by alfalfa scales with 
herbage yield (Fig. 14.3). The R? value of 0.76 indicates that irrespective of harvest 
date, stand age, and P-fertilization rate, forage yield remained the principle determi- 
nant of alfalfa K uptake. The slope of the regression line (0.022 kg K removed kg”! 
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DM agrees well with the “book value" of 0.021 kg K removed kg ' DM previously 
reported (Vitosh et al. 1995). 


14.3.3 Potassium Uptake and Management 


Genotype x Environment x Management (G x E x M) interactions can modify K 
uptake and KUE relationships. Parvej et al. (2016) compiled seed K and grain yields 
for soybean grown at 100 site-years in North America. This included K-fertilized 
and unfertilized plots and soil test K levels that ranged from 30 to 408 mg K kg! 
soil that together, resulted in a wide range in seed K concentrations 
(12.7-24.3 g K kg '). Despite these differences, regression of seed K uptake and 
grain yield in soybean resulted in similar slopes for both fertilized and unfertilized 
treatments; approximately 18 g of K is removed per kg of seed (Fig. 14.4). The 
regression line for the “fertilized” plots was consistently above the “unfertilized” line 
(Note: intercepts were statistically similar) suggesting slightly higher seed K uptake 
by fertilized plants. This removal value agrees with results from Navarrete- 
Ganchozo (2014) who analyzed K removal of soybean receiving several K fertilizer 
rates/timings at five locations in Indiana USA over 7 years (n = 1049) and reported 
19 g K removed kg seed. In both studies, the nature of the yield-seed K removal 
relationship was virtually identical across vast differences in yield and environments 
suggesting few G x E x M interactions for this attribute. As with forage K 
accumulation in alfalfa, yield per se is the main determinant of seed K uptake in 
this species. 
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Fig. 14.4 The relationship between seed yield and K uptake of soybean. Data represent 100 site- 
years located in North America collected primarily from 2002 to 2015 that included paired plots that 
were fertilized with K or left unfertilized. Thirty-three site-years were irrigated, while the rest were 
rainfed sites. Slopes of the linear regressions were statistically similar for the K-fertilized versus 
unfertilized plots. (Adapted from Parvej et al. 2016) 


392 J. J. Volenec et al. 


a b 

pA Glycine max (L.) Merr. 300 

= 80 = -4.81 + 1.07x 

Y R2= 0.90 

D 

= 250 

= 60 

> 

o 

z 

< 40 

Z 200 

"o 

oO 

a 20 i Zea mays L. 

2 y=-4.01+1.10x 150 ee y = -7.89 + 1.00x 
5 R2= 0.70 R2= 0.87 


0 20 40 60 80 150 200 250 300 
Predicted K removal (kg K ha‘) 


Fig. 14.5 Comparison of observed K removal (grain yield x grain [K]) and K removal based on 
grain yield and “book values” for grain K (3.9 and 18.3 g K kg ! grain DM for maize and soybean, 
respectively) across K fertilizer rates and species at 5 locations over 6 years. Locations include the 
Davis Purdue Ag Center (DPAC), the Northeast Purdue Ag Center (NePAC), Pinney Purdue Ag 
Center (PPAC), the Southeast Purdue Ag Center (SePAC), and Throckmorton Purdue Ag Center 
(TPAC). (Adapted from Navarrete-Ganchozo 2014) 


Interestingly, grain K concentrations are so conserved that G x E x M interac- 
tions often are inconsequential. For example, across species, K rates and application 
timings, and environments, the so-called “book values" for grain K concentrations 
were nearly as accurate at predicting K removal in grain as were lab-measured K 
concentrations and grain yields (Fig. 14.5). In all cases, the slopes of the relationship 
between measured and predicted K removal ranged from 1.0 to 1.1 and R?-values 
were 0.70—0.90. The option to use book values for grain K concentration estimates 
has enabled K use and K nutrient budgets to be determined at various spatial 
resolutions ranging from local to national scales (http://nugis.ipni.net/Publication/). 

Parvej et al. (2016) also explored the relationship between soil test K and seed K 
concentrations. Analysis including all site-years and fertilization groups revealed 
that seed K concentrations declined at soil test K levels below approximately 
170 g K kg’ soil; however, R?-values indicate that soil test K only explained 
24 and 40% of the variability in seed K concentration for plots with and without K 
fertilizer, respectively. This illustrates the challenge of using soil testing in a site- 
specific manner to predict seed K concentrations. 
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14.4 Alternative Potassium Management Strategies 


14.4.1 Foliar Fertilization with Potassium 


An alternative management strategy for K fertilization is foliar fertilization. Unfor- 
tunately, most foliar fertilization research has used solutions containing N, P, K, and 
often micronutrients and not K alone (Garcia and Hanway 1976; Orlowski et al. 
2016). Thus, positive responses of these fertilizer blends cannot be attributed solely 
to K (or any other macronutrient). Results of most studies with an array of species 
reveal inconsistent responses of yield to foliar fertilization, and when positive, 
modest yield increases (Thom et al. 1981; Giskin and Efron 1986; Umar et al. 
1999; Ling and Silberbush 2002; Hu et al. 2008) with yield increases often attributed 
to N or P, and not K in the nutrient blend. 

Among agronomic species, soybean has been the most studied with respect to 
foliar fertilization. Early multi-site/year studies showed inconsistent yield response 
of soybean to foliar fertilization (Haq and Mallarino 1998, 2000). When it occurred, 
the magnitude of yield enhancement generally did not offset the application costs of 
the foliar fertilizer. These authors also reported little consistent impact of foliar K on 
oil and protein concentrations in soybean seed (Haq and Mallarino 2005). Mallarino 
et al. (2001) reported a significant (P « 0.10) yield response of soybean to foliar 
fertilization in only 2 of 18 small plot trials and 1 of 8 larger strip trials. The 
responsive plots had relatively high soil test P and K (>30 mg P kg’! and 133— 
213 mg K kg! soil), while plots with low P and K (9-13 kg P kg ! soil; 
97 mg K kg’! soil) were surprisingly unresponsive to foliar applications. Moreira 
et al. (2017) also observed a yield response of soybean to foliar fertilization with 
KNO under certain environmental conditions and attributed this primarily to the N 
in the foliar spray. Although the application of KNO; did not increase seed yield in 
this study, seed K concentrations were elevated slightly, suggesting that foliar K 
uptake was possible. However, other studies reveal no impact of foliar K application 
on seed K concentrations and grain yield, but high rates of foliar K resulted in 
increased damage to leaf tissues (Syverud et al. 1980). 

Applying foliar K fertilizers with fungicides to soybean also has been evaluated. 
Foliar application of K as 0-0-30 or 0-0-62 (K5O) did not increase grain yield or ear 
leaf K concentrations over control plots (Shetley et al. 2015). Soil fertility levels 
were high at all locations and this may have precluded a positive response to foliar- 
applied K. Nelson et al. (2005, 2010) compared foliar K application to soybean to 
pre-plant K applications in soils with low-to-medium K availability. Consistent grain 
yield increases occurred in response to soil-applied K, and these were accompanied 
by higher tissue K concentrations. Foliar K application resulted in slightly higher 
yields in some site-years, especially if applied at vegetative growth stages, but soil- 
applied K resulted in the highest yields and profitability. These authors concluded 
that foliar K application to soybean is not a substitute for pre-plant K application. In 
a 57 site-year study in the Midwest USA, foliar application of a blend of nutrients 
including K did not significantly increase soybean yield and had a low probability of 
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enhancing profitability (Orlowski et al. 2016). However, only five site-years in this 
study had soil test K levels below 100 mg K kg ^! soil, lessening the likelihood of a 
response to K application, including foliar applications. Nevertheless, the low 
probability of a positive yield response along with modest yield increases when 
they do occur indicates that foliar fertilization is an unreliable and likely unprofitable 
strategy for fertilizing crops with K. 


14.4.2 Potassium Application Methods, Including Fertigation 


A recent meta-analysis revealed that the K placement method has no effect on yield 
when K fertilizer was placed between 0 and 10 cm, and only a modest effect on yield 
when placed at depths greater than 10 cm (Nkebiwe et al. 2016). This conclusion is 
supported by a large number of multi-site studies where the yield of soybean and 
maize were unaffected by K placement and timing of application (e.g., Vyn and 
Janovicek 2001; Yin and Vyn 2002). The sub-soiling effect that occurs simulta- 
neously with the deep placement of fertilizer can by itself increase yield. Mullins 
et al. (1994) showed that cotton lint yield was similar between the deep placement of 
K and subsoil tilled plots without additional K fertilization. This indicates that 
confounding between the effects of tillage associated with placement versus the 
effect of the fertilizer per se can obscure the underlying cause of yield increases 
when they occur. 

An alternative to soil and foliar fertilization is fertigation; inclusion of K (and 
often N) in the irrigation water supplied to crops. These systems generally use drip or 
similar irrigation systems to provide water and nutrients near the root zone with the 
goal of increasing both water and nutrient use efficiency. Because of the infrastruc- 
ture involved, this approach has been largely limited to high-value crops. Neilsen 
et al. (1999) reviewed fertigation practices in fruit trees. They concluded that 
fertigation of K resulted in similar depth of K movement into the soil (60—75 cm) 
but increased lateral K movement in soil when compared to broadcast K applica- 
tions. Fertigation often increased tissue K concentrations and occasionally increased 
yield. The grain yield of rice was similar among application methods (fertigation, 
broadcasting, banding) (Ali et al. 2005). However, the timing of K application did 
impact yield. Applying K before transplanting or 50 days after transplanting (DAT) 
reduced rice grain yield for all application methods when compared to K applica- 
tions made 25 DAT. 


14.4.3 Recycling Potassium in Plants 


The mobility of K in plants is a commonly observed phenomenon; under K-limited 
conditions, K is mobilized to younger, meristematic tissues where growth and 
development are occurring (Hoagland 1932). As a result, deficiency symptoms 
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Fig. 14.6 Net changes in dry matter (DM) and macronutrients on a per-plant basis of maize tissues 
between silking and maturity. Early-senescing hybrids released in the 1950s (left) are compared to 
modern stay-green hybrids released in the 2000s (right). Net gains in DM and nutrients are 
identified in green text, while net losses are highlighted in red text. (Adapted from Ning et al. 2013) 


usually appear predominately in older vegetative tissues. In addition to this well- 
characterized K partitioning within the plant, there is a growing awareness that 
nutrient recycling from vegetative tissues to grain can partially meet the nutrient 
needs of developing seeds. This might occur because post-anthesis K uptake is low 
relative to other macronutrients. Van Duivenbooden et al. (1996) surveyed the 
literature (50-100 experiments) and found that wheat had the lowest post-anthesis 
K uptake (496 of total aboveground K), while maize, sorghum, millet, and rice had 
generally similar values (14-18%). Post-anthesis uptake of N and P tended to be 
higher than K, ranging from 18-35% for N and 10-47% for P. Remobilization of K 
from vegetative tissues to the seed may meet K needs during grain fill, negating the 
need for additional soil K uptake. 

We estimated net changes in dry matter (DM), and mass of N, P, and K between 
silking and maturity for maize using data published by Ning et al. (2013) where 
mobilization patterns of senescing hybrids from the 1950s was compared to that of 
modern, stay-green hybrids (Fig. 14.6). As expected, grain was a net accumulator of 
DM, N, P, and K irrespective of hybrid group. Modern hybrids double the net 
accumulation of DM, P, and K, whereas net N accumulation increased about 67% 
over that reported for 1950s era hybrids. Net partitioning of DM and macronutrients 
to husks/cobs and were generally similar for both hybrid groups with net losses of N 
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Fig. 14.7 Net changes in dry matter (DM) and macronutrients on a per-hectare basis of soybean 
tissues between growth stages R3 and R8. Patterns for relatively low-yielding plots are shown on 
the left, while trends for high-yielding soybean plots are on the right. Net gains in DM and nutrients 
are identified in green text, net losses are highlighted in red text, while loss to the soil are highlighted 
in blue. (Adapted from Gaspar et al. 2017a, b) 


and P, and net gains in DM and K. However, the early-senescing hybrids of the 
1950s exhibited net losses in DM and N, P, and K from all other tissues with 
especially large losses in K from stems. By comparison, these tissues of the stay- 
green hybrids had net gains in DM in most tissues between silking and maturity. In 
addition, stems and roots of these hybrids lost far less, and in some cases had net 
gains in DM and N, P, and K than the 1950s era plants. For K, these reductions in net 
K loss from roots and stems were offset, in part, by greater net K mobilization from 
leaf tissues. Summed over all tissues, net K losses of stay-green hybrids (539 mg 
plant!) was 97% of the K accumulated in grain (553 mg plant !). By comparison, 
only 40% of the K lost by vegetative tissues of the 1950's era plants was accounted 
for by net accumulation in grain (259 mg/643 mg) indicating less efficient K 
recycling and loss of K from the plant system. 

A similar analysis with low-yielding versus high-yielding plots of modern soy- 
bean lines revealed net gains in DM and masses of N, P, and K that scaled with grain 
yield (Fig. 14.7). Grain yield and N, P, and K in grain of high-yielding plots 
increased approximately 50% over that of the low-yielding plots between R3 and 
R8 growth stages. Irrespective of yield, leaf blades and petioles exhibited net losses 
of DM, N, P, and K during this period. Net gains of K in grain (63 and 91 kg ha )) 
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could be accounted for by net K losses in blades, petioles, and stems indicating that 
K recycling in the plant could meet grain K needs. By comparison, and irrespective 
of yield level, net losses of N and P could only account for approximately 40% of 
these nutrients in the grain, suggesting that internal recycling alone could not meet 
the N and P needs of soybean. In this study, leaf blades and petioles that fell to the 
ground between R3 and R8 returned up to 38 kg K ha ' to the soil, with lesser 
amounts of N and a negligible amount of P returned to the soil. 


14.4.4 Crop Residues and Potassium Nutrition 


Leaching of K from post-harvest residues can contribute significantly to soil test K 
and the cycling of K in agroecosystems. Oltmans and Mallarino (2015) reported 
34 and 55 kg K ha ' in soybean and maize residue, respectively, immediately after 
grain harvest. Two months post-harvest, approximately 50% of this K remained in 
maize residue, whereas only 19% of this K remained in soybean residue. In both 
species, reductions in stover K increased with post-harvest precipitation. Soil test K 
increased from fall to spring on average 27 and 24 mg K kg’! for soybean and 
maize, respectively, and these values were positively associated with residue K 
losses (Fig. 14.8). This residue K input can impact crop yield. Singh et al. (2018) 
assembled apparent K budgets for rice-maize cropping systems in India for a 5-year 
period. In addition to fertilizing plots with K (620 kg K ha! for the 5-year period), 
they measured K inputs from alternative sources including crop residue 
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Fig. 14.8 Impact of K leaching from stover of maize and soybean on soil test K (STK) levels. 
Stover was collected periodically after harvest in fall, K concentrations determined, and mass of K 
leached from stover calculated based on residue mass. Changes in STK between grain harvest in fall 
and the following April averaged 27 and 24 mg K kg! for soybean and maize, respectively. 
(Adapted from Oltmans and Mallarino 2015) 
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(618-678 kg K ha!) and roots/stubble (95-152 kg K ha). Only plots receiving K 
from all three of these sources maintained a positive K balance and high yields. 


14.4.5 Fungal Associations and Potassium Nutrition 


Symbiotic associations between plants and mycorrhizal fungi that enhance nutrient 
uptake have been well-documented for some nutrients, especially P. Less is known 
regarding the role of these fungi in augmenting plant K uptake. Rosendahl (1943) 
reported greater K uptake and enhanced plant growth of pine seedlings grown in 
orthoclase-amended sand when inoculated with Boletus felleus, a fungus known to 
form mycorrhizal associations with conifers. Recent reviews (Garcia and Zimmer- 
mann 2014; Dominguez-Nufiez et al. 2016) summarized the role of mycorrhizae in 
improving K nutrition of several plant species, especially under K-limited conditions 
as is often found in forest ecosystems. These authors also indicated that this 
symbiosis enhanced general abiotic stress tolerance. While the fundamental mech- 
anisms controlling this symbiosis are poorly understood, overexpression of specific 
K channel genes in the genome of the ectomycorrhizal fungi Hebeloma 
cylindrosporum increased K accumulation in shoots of pine seedlings (Guerrero- 
Galan et al. 2018). These genes may serve as molecular targets for enhancing K 
uptake under low soil K conditions via this symbiotic association. Additional work is 
needed to more fully characterize the role and quantify the metabolic costs of 
mycorrhizae in providing K to plants. 

Fungal endophytes form mutualistic associations with some plant species 
resulting in enhanced growth and abiotic stress tolerance. A classic example of 
this mutualism is endophyte-infected tall fescue (Schedonorus arundinaceus 
(Schreb.) Dumort.), where P uptake is enhanced in infected plants under low soil 
P conditions (Malinowski and Belesky 2000). Less is known regarding how endo- 
phyte infection impacts K uptake. Rahman and Saiga (2005) reported greater shoot 
growth and K uptake in tall fescue plants infected with the endophyte Neotyphodium 
coenophialum when compared to uninfected plants. Responses varied with soil type 
and tall fescue ecotype. Malinowski and Belesky (2000) also reported increased K 
absorption rates in one of two tall fescue ecotypes. Additional research, especially 
under low soil K conditions, is needed to fully understand the role of these fungal 
endophytes on K uptake. Further, it is unclear if the endophyte enhances shoot 
growth that then leads to greater K uptake (sink driven) or if greater K uptake occurs 
that leads to faster shoot growth (source driven). 


14 Broadening the Objectives of Future Potassium Recommendations 399 


14.5 Impact of Potassium on Crop Quality 


14.5.1 Potassium Nutrition and Crop Quality 


Given the large impact that K nutrition can have on physiological function and yield 
of crops, it is not surprising that crop composition also can be altered under 
K-deficient conditions. Usherwood (1985) and Mengel (1997) presented an over- 
view of this topic previously. Rather than review the numerous recent papers 
published on this topic, the impact K deficiency can have on crop quality will be 
illustrated with key examples for crop categories. 


14.5.2 Cereals 


Unlike N and P, few reports exist describing the impact of K on grain quality of 
cereals. A recent review of N, P, and K on wheat performance (Duncan et al. 2018) 
noted the little consistent effect of K on grain protein concentration. These authors 
noted that balanced nutrition with N, P, and K maintained protein concentrations in 
yield-responsive environments. However, few of the 32 field studies reviewed 
assessed the impact of K on wheat grain quality per se. Holland et al. (2019) reported 
significant declines in crude protein concentration (%N) of wheat grain with even 
modest rates (12.5-25 kg K ha !) of K fertilizer that was associated with increased 
grain yield. By comparison, the yield of triticale did not increase until a much higher 
K rate (100 kg K ha^!) was applied and only then did grain protein decline in one of 
two studies. This suggests that the decline in grain protein concentrations is a result 
of dilution of grain N as K-stimulated yield. 

Rice (Oryza sativa L.) grain quality measured as gel consistency, amylose 
concentration, gelatinization temperature, and protein concentration can be altered 
by K fertilization (Bahmaniar and Ranjbar 2007). Some of these attributes interacted 
with K fertilization rate, plant genotype, and N fertilizer application making it 
challenging to develop a unified N and K fertilizer program targeting grain quality 
for rice cultivars used in this study. 

In a multi-year study conducted at five locations, Brouder examined the impact of 
K on maize grain yield and quality (Fig. 14.9). Plots were fertilized with up to 
180 kg K ha! annually or 360 kg K ha | biennially, and large differences in grain 
yield were observed at some locations (Navarrete-Ganchozo 2014). Despite a three- 
fold difference in grain K concentration, there was no significant impact of concen- 
trations of starch, protein, or oil in grain. Maize grain amino acid concentrations 
were generally higher in plants provided adequate K (Usherwood 1985). 
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14.5.3 Oilseeds 


Bailey and Soper (1985) reported little consistent impact of K on the oil and protein 
composition of the seed of rape, flax, sunflower, and safflower. This agrees with 
more recent results with canola where seed oil and protein concentrations were 
unaffected by K fertilization rates that, in some environments, increased yield nearly 
twofold (Brennan and Bolland 2007). Oil and protein concentrations in soybean 
seeds also are often not responsive to K fertilizer application, especially if initial soil 
test K levels are adequate (Krueger et al. 2013). In some studies, seed oil concen- 
trations increase with K, while seed protein concentrations declined (Yin and Vyn 
2003). However, recent studies reveal that both protein and oil concentrations of 
soybean can increase in response to increasing K fertility (Abbasi et al. 2012; 
Bellaloui et al. 2013), including increases in specific fatty acids (Krueger et al. 
2013). Potassium also can interact with P in determining oil and protein concentra- 
tions of soybean. Abbasi et al. (2012) applied P as single superphosphate and K 
as K;SO, to a soil containing 3.4 mg kg! available P and 67 mg kg. ' exchangeable 
K. In addition to increasing soybean grain yield and nodulation, both grain oil and 
protein concentrations increased with K fertilizer application, with the highest 
concentrations achieved only when both P and K were adequate (Fig. 14.10). It is 
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Fig. 14.10 Impact of potassium (K) and phosphorus (P) fertilizer application on the concentrations 
of protein and oil in soybean seed. Prior to fertilization, the clay loam soil (Humic Lithic Eutrudept) 
contained 3.7 and 67 mg kg"! P and K, respectively. (Adapted from Abbasi et al. 2012) 


not clear if the addition of sulfur with the K to this soil containing 10 g kg” ' organic 
C also contributed to the changes in seed oil and protein. 


14.5.4 Forage 


Numerous plant species can be used as forage, including silage produced from plants 
normally used for grain production like maize, sorghum, and small grains. Besides 
yield, K can alter plant morphology (e.g., leaf:stem ratio) and composition of cell 
walls that together, can impact forage intake, digestibility, and ultimately animal 
performance. Lissbrant et al. (2009) reported higher in vitro dry matter disappear- 
ance (IVDMD) and protein concentrations for low-yielding, K-deficient alfalfa when 
compared to forage from plants fertilized with K (Table 14.1). The greater digest- 
ibility was associated with lower concentrations of neutral detergent fiber (NDF), 
acid detergent fiber (ADF), and lignin of the K-deficient plants. However, the yield 
of both digestible nutrients (DNY) and protein ha^! were greater in K-fertilized 
plants because of their greater forage yield. Similar trends for reduced forage protein 
concentrations with increased K fertilization have been reported (Macolino et al. 
2013), but concentrations of NDF, ADF, and lignin were not increased in their study 
conducted in a high-K soil. 

Most studies on forage grass quality have focused on N nutrition, with few studies 
exploring K impacts on forage grass quality. Balasko (1977) reported small, but 
significant increases in IVDMD in 4 of 8 winter harvests of tall fescue when N and P 
fertilizers were supplemented with K. Forage yield increased in 3 of 4 harvests where 
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IVDMD increased. Similarly, when stargrass (Cynodon spp.) was adequately fertil- 
ized with P, yield responses to K fertilization were evident in 2 of 3 years and these 
higher yields were accompanied by increases in forage IVDMD, but reductions in 
forage protein (Pant et al. 2004). By comparison, Malhi et al. (2005) reported similar 
concentrations of protein, NDF, and ADF even in environments where timothy 
(Phleum pretense L.) forage yields were enhanced by K fertilization. Wheat and 
triticale (Triticosecale spp. Wittm. ex A. Camus) forage composition can be altered 
by K fertilization (Holland et al. 2019). Significant increases in dry matter disap- 
pearance, metabolizable energy, water-soluble carbohydrates, and reductions in 
NDF, ADF, and protein were observed in some environments and growth stages 
as a result of K fertilization. 

In addition, because of luxury consumption discussed previously, forage can 
accumulate high-K concentrations leading to mineral imbalances that result in 
potentially fatal livestock diseases like hypomagnesemia and milk fever (Kayser 
and Isselstein 2005; Lunnan et al. 2018); thus, there is a potential anti-quality issue 
with forage K nutrition. The ratio of magnesium and calcium to K in forage, and 
limiting excess K also is a consideration for plants used for ruminant livestock feed. 


14.5.5 Fiber 


In cotton, K deficiency reduced most measures of fiber quality including fiber 
elongation, 5096 span length, uniformity ratio, micronaire, fiber maturity, and 
perimeter in all genotypes studied (Pettigrew et al. 1996). This confirms earlier 
findings of Cassman et al. (1990) where most fiber attributes of cotton were 
positively associated with soil, leaf, and fiber K concentrations. Analysis of fiber 
composition of industrial hemp (Cannabis sativa L.) grown for six site-years in 
Canada revealed no effect of K fertilization (0-200 kg K ha !)) on cellulose, 
hemicellulose, or lignin concentrations (Aubin et al. 2015). However, fiber yield 
also was not influenced by K application, leading the authors to suggest that high 
initial soil test K levels (200 kg K ha!) may have prevented responses to K 
fertilization. 


14.5.6 Tubers and Tuberous Roots 


Starch synthase, a key enzyme in starch synthesis, requires K for proper activation 
(Murata and Akazawa 1968). Thus, it is not surprising that K influences the growth 
and composition of starch-rich tubers. Potato (Solanum tuberosum L.) quality is 
often influenced by both rate of K fertilization and K source. Tuber specific gravity, a 
trait positively associated with processing quality, was lower with K fertilization; 
however, specific gravity losses were less when K SO, rather than KCI is used as a 
K source (Panique et al. 1997). Stanley and Jewell (1989) reported a reduction in 
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tuber dry matter with increasing K. Tubers of K-fertilized plants had lower reducing 
sugars that cause discoloration of fried food like chips and fries. Sensory evaluation 
of French fries made from K-fertilized tubers scored higher with consumers in 
several categories including color and texture. Other work on chipping potatoes 
revealed that chip yield was greatest, and residual chip oil content lowest for K,SO4- 
fertilized plants when compared to plants provided KCI as a fertilizer source (Kumar 
et al. 2007). 

By comparison, increases in yield and quality of sweet potato (Ipomoea batatas 
L.) were not influenced by K source. In general, K fertilization increased the 
frequency of large tuberous roots in this species and slowed weight losses in storage; 
an index of quality (Nicholaides et al. 1985). In a 13 site-year study where the 
addition of K to N- and P-fertilized soil more than doubled tuber yields, John et al. 
(2013) reported increased tuber yield and a slight increase in tuber starch concen- 
tration for cassava (Manihot esculenta Crantz) with K fertilizer application. They 
also observed altered starch rheological characteristics including increased amylose 
content, granule size, pasting temperature, viscosity, and swelling volume with K 
fertilization. Concentrations of cyanogenic glycosides, a serious anti-quality attri- 
bute of this species, were reduced with K fertilizer application. By comparison, 
Obigbesan (1977) reported that cultivar and environment were more important that 
K fertilization in determining levels of cyanogenic glycosides in this species. 


14.5.7 Fruits and Vegetables 


Because this category contains numerous species whose K fertilizer practices are 
managed in diverse ways (source, timing, application methods, . . .), it is not possible 
to comprehensively represent general trends and effects here. An early review 
(Greenwood et al. 1980) indicated that K fertilization decreased the quality of 
some species (e.g., carrot, cauliflower, turnips), while improving the quality of 
others (spinach, parsnips). In a more recent review, Lester et al. (2010) summarized 
the impact of K nutrition on the quality of over 20 fruit/vegetable species. Fruit 
quality, measured as either compositional (e.g., sugar, acidity, vitamins, carotene, 
...) or physical attributes (e.g., color, firmness, texture, shelf-life, ...) generally 
improved with K fertilization. In studies where results were not in agreement, this 
was attributed to variation in fertilizer application method and/or K source 
(Mikkelsen 2017). The underlying mechanisms involved in K-enriched fruit quality 
are emerging. For example, in pear (Pyrus communis L.) K regulates the expression 
of key genes involved in sugar and sorbitol metabolism in both sources and sink 
tissues that ultimately enhances sugar accumulation in and quality of pear fruits 
(Shen et al. 2017, 2018). 
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14.5.8 Human Nutrition and Health 


A vast body of evidence regarding the role of K in human health and nutrition has 
been published. A few key examples are highlighted here. The positive impact of K 
on reducing blood pressure and related diseases has been a recurring research topic. 
Dietary K supplementation has been shown to reduce blood pressure in hypertensive 
individuals, particularly in high-sodium consumers not currently receiving hyper- 
tensive drug treatment, and those in the lowest category of K intake (Filippini et al. 
2017). Adequate dietary K intake (~90 mmol day!) is recommend to achieve blood 
pressure control. In a meta-analysis, D'Elia et al. (2011) reported that high dietary K 
intake is associated with low rates of stroke and might also reduce the risk of 
coronary heart disease and total cardiovascular disease. These results support rec- 
ommendations for higher consumption of K-rich foods to prevent vascular diseases. 
Increased fruit and vegetable intake in the range commonly consumed is associated 
with a reduced risk of stroke (He et al. 2006). The protective effects of fruit and 
vegetables on stroke prevention have a strong biological basis, including the fact 
they are rich sources of dietary K. The positive effects of K on human health extend 
beyond blood pressure and heart disease to include reduction in osteoporosis 
(Lambert et al. 2015), insulin-resistant diabetes (Ekmekcioglu et al. 2016), kidney 
disease (Zhang et al. 2019), ulcerative colitis and Crohn's disease (Khalili et al. 
2016), and obesity and metabolic syndrome (Cai et al. 2016). 


14.6 Plant Stress Tolerance and Potassium Nutrition 


14.6.1 Potassium and Abiotic Stress Tolerance 


Potassium has long been identified as a nutrient that is critical in alleviating the 
detrimental effects of abiotic stresses in plants. Several reviews have discussed the 
role of K in tolerance to drought, salinity, chilling, and freezing temperatures, 
flooding, and stresses associated with climate change (Ahmad et al. 2018; Amtmann 
et al. 2018; Anschütz et al. 2014; Cakmak 2005; Kant and Kafkafi 2002; Oosterhuis 
et al. 2014; Sardans and Pefiuelas 2015; Wang et al. 2013). Rather than reiterate the 
details found in these reviews, a few key examples of how K functions in plants and 
imparts stress tolerance are outlined here. 

The role of K in abiotic stress tolerance is exemplified by the regulation of 
stomatal aperture that influences both water loss from leaves and CO, uptake in 
photosynthesis. Humble and Raschke (1971) used X-ray microprobe analyses to 
demonstrate the K accumulation in guard cells and subsequent water influx that 
ultimately opened stomata. This response was specific to K and highlights the key 
role it has in both transpiration and photosynthesis, processes central to plant water 
relations, and dry weight accumulation. For example, Pervez et al. (2004) reported 
increases in both photosynthesis and transpiration with increasing K fertilizer 
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applications to cotton (Fig. 14.11). They also observed improved instantaneous 
water use efficiency (WUE, the ratio of photosynthesis to transpiration) and lower 
canopy temperatures with K fertilization. Lower leaf temperatures result from 
evaporative cooling associated with the latent heat of vaporization as liquid water 
evaporates from the leaf surface; a process critical to temperature regulation in 
plants. 

Potassium also influences the flooding tolerance of plants. Dwivedi et al. (2017) 
reported that K fertilization mitigated submergence-induced stress in rice. This 
included reducing membrane damage during flooding and improved post-flooding 
recovery of photosynthesis. This result confirms earlier findings with barley where 
the loss of membrane integrity and tissue K during waterlogging were associated 
with flooding intolerance (Zeng et al. 2014). 

Long-term survival of perennial plants also is enhanced by K fertilization. 
Lissbrant et al. (2010) used cluster analysis to categorize plots from a 7-year-old P 
and K fertility study with alfalfa into groups that varied as a function of forage yield 
in May of the final yield of the study. The highest yielding plots in the High cluster 
had tissue K concentrations between 18.2 and 26.2 g K kg ^! dry matter (Table 14.2), 
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Table 14.2 Herbage K concentrations, plant survival, and herbage yield of alfalfa analyzed using 
cluster analysis 


Herbage K Plant populations Yield 

Year High Very Low High Very Low High Very Low 
gKkg ! DM Plants m ? kg DM ha! 

1 26.2 15.7" 259 226 5676 4946 

2 21.3 87^ 178 228^ 6453 5872 

3 23.2 81^ 134 160 5795 4639" 

4 18.2 75" 112 827 3984 2789" 

5 21.0 11.77 68 61 4051 13277 

6 19.4 E 56 117 4754 0" 

7 214 E; 45 6” 4390 0” 


Plots were grouped into six clusters based on yield in May of Year 7. Only data for the highest 
(High) and the lowest (Very Low) yielding clusters are shown. (Adapted from Lissbrant et al. 2010) 
t, * and " indicate significant difference between the High and Very Low clusters in this year 

* Tissue not available for analysis 


whereas tissue K concentrations ranged from 7.5 to 15.7 g K kg! for the Very Low 
cluster. Plant populations declined with time in all clusters and averaged 9 and 
51 plants m ? for the Very Low and High clusters, respectively, in Years 6 and 
7. Forage yields declined to 0 kg ha! for the Very Low cluster at the end of the 
study. Plants died during summer rather than winter (Berg et al. 2018); a finding that 
is contrary to the general understanding that K enhances winter survival of alfalfa. 
Additional work is necessary to identify the underlying cause(s) for the death of 
these alfalfa plants in summer. 


14.6.2 Potassium and Biotic Stress Tolerance 


Fewer reviews have summarized the role of K in biotic stress tolerance. In many 
cases, K application reduces disease incidence, but in some studies, disease preva- 
lence is unaffected or even increases with K fertilization (Huber and Arny 1985). 
Others found insufficient data to conduct a thorough quantitative review of the role 
of K on disease incidence (Veresoglou et al. 2013). Amtmann et al. (2008) reported 
inconsistencies associated with plant- and experiment-specific interactions of K with 
plant physiological traits (growth, cell wall structure, metabolites, hormones, .. .) 
that are components of the disease-resistance response. In this study, response to K 
varied with pathogen group; reductions in fungal diseases more common with K 
application than were diseases caused by bacteria and viruses. 

A meta-analysis of the role of K in insect resistance also revealed mixed results 
that were influenced by the insect group being studied (Butler et al. 2012). While 
insect populations generally showed a negative response to K fertilization, data were 
too sparse to identify significant effects. As with diseases, individual studies describe 
a positive impact of K fertilizer application on the reduction of insects, while other 
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studies report no impact of K on insect stress (Kitchen et al. 1990; Myers and Gratton 
2006; Myers et al. 2005). Closer collaboration among soil fertility/plant nutrition and 
entomologists/pathologists would advance our understanding of the role of K in 
biotic stress tolerance. 
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Chapter 15 
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for Agricultural Crops 


Michael Stone and Connie Weaver 


Abstract Potassium (K) is the most abundant cation in intracellular fluid where it 
plays a key role in maintaining cell function. The majority of K consumed 
(60—100 mmol day ') is lost in the urine, with the remaining excreted in the stool, 
and a very small amount lost in sweat. Little is known about the bioavailability of K, 
especially from dietary sources. Less is understood on how bioavailability may 
affect health outcomes. Potassium is an essential nutrient that has been labeled a 
shortfall nutrient by recent Dietary Guidelines for Americans Advisory Committees. 
Increases in K intake have been linked to improvements in cardiovascular and other 
metabolic health outcomes. There is growing evidence for the association between K 
intake and blood pressure (BP) reduction in adults; hypertension (HTN) is the 
leading cause of the cardiovascular disease (CVD) and a major financial burden 
(US$53.2 billion) to the US public health system and has a significant impact on 
all-cause morbidity and mortality worldwide. Evidence is also accumulating for the 
protective effect of adequate dietary K on age-related bone loss and glucose control. 
Understanding the benefit of K intake from various sources may help to reveal how 
specific compounds and tissues influence K movement within the body, and further 
the understanding of its role in health. 


15.1 Potassium Intake Needs 


Potassium (K) is an essential nutrient, that has been labeled a shortfall nutrient by 
recent Dietary Guidelines for Americans Advisory Committees (National Acade- 
mies of Sciences and Medicine 2019; DeSalvo et al. 2016). Physiologically, K is the 
most abundant cation in intracellular fluid where it plays a key role in cell function, 
maintaining intracellular fluid (ICF) volume and transmembrane electrochemical 
gradients (Stone et al. 2016). Because K is a major intracellular ion, it is widely 
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distributed in foods once derived from living tissues. Potassium concentrations are 
generally highest in fruits and vegetables, but can also be quite high in cereals, 
grains, dairy, and meat (DeSalvo et al. 2016; Stone et al. 2016). The evolution of 
dietary practices in the USA over the last several decades, and more recently 
worldwide, has seen a higher intake of low nutrient density convenience foods, 
coupled with decreased consumption of fruits and vegetables, leading to a diet lower 
in K and higher in sodium (Na) (Weaver 2013). The average intake of K of the US 
adults participating in the National Health and Nutrition Examination Survey 
(NHANES) 2013-2014 was 2668 mg K day’, below the adequate intake (AI) of 
3000 mg day~’ set forth by the 2019 DRI committee, and well below the previous 
AI of 4700 mg K day ! (Institute of Medicine 2005; National Academies of 
Sciences and Medicine 2019). This chapter gives a comprehensive overview of K 
as a nutrient, the physiology of how it moves through the body including K 
bioavailability and excretion, and how this may affect vascular pressure, glucose 
metabolism, the movement and storage of calcium (bone) throughout the body, and 
the health consequences of these relationships. 


15.1.1 Dietary Reference Intakes 


The reference values for the intake of any nutrient are referred to as the Dietary 
Reference Intakes (DRIs) and include: the Estimated Average Requirement (EAR), 
or intake level at which 50% of the population have adequate intakes; the 
Recommended Dietary Allowance (RDA), based on the EAR, is sufficient to meet 
the requirements of nearly the entire population (98%); Adequate Intake (AI), used 
in lieu of an RDA when there is insufficient evidence to set an EAR and thus an 
RDA; and the Tolerable Upper Intake Level (UL), the estimated maximum intake 
that poses no health risk, developed from a “NOAEL” with a safety factor applied 
(Fulgoni 2007; Lupton et al. 2016; Millen et al. 2016; Institute of Medicine 2005). 
Dietary reference intakes are quantitative values established by review committees 
commissioned by the National Academy of Sciences, Engineering, and Medicine 
(NASEM), Health and Medicine Division (formerly the Institute of Medicine), after 
a review of the appropriate research surrounding any nutrient's role in eliminating 
nutritional deficiencies, and reducing the risk of chronic disease. Basic concepts of 
establishing the proper level of intake for each nutrient are that the needs of healthy 
(non-diseased) individuals are met, nutrients are grouped by physiological function- 
ality, and age groupings are revised to reflect changes of biological patterns (e.g., 
gender, growth, pregnancy, etc.) (Lupton et al. 2016; Millen et al. 2016; Institute of 
Medicne 2005). Chronic disease endpoints are only considered when a sufficient 
body of knowledge has been established. To this point, the recent Dietary Reference 
Intake report for sodium (Na) and K was the first to establish a chronic disease risk 
reduction (CDRR) level for Na, a new DRI intended to help differentiate between 
nutrient intakes necessary for adequacy vs. those which may improve health 
(National Academies of Sciences and Medicine 2019). 
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15.1.2 Potassium Intakes Worldwide 


Recommended K intakes in various countries worldwide often utilize the guidelines 
set by the North American DRIs or World Health Organization (WHO) (Strohm 
et al. 2017; World Health Organization 2012). Despite this, few countries meet these 
recommendations and large global variation in K consumption exists (Weaver et al. 
2018). 

The most recent WHO recommendations for K intake come from guidelines 
published in 2012, examining key chronic disease endpoints related to blood 
pressure (BP), stroke, CVD, coronary heart disease (CHD), blood lipids, and 
catecholamines (World Health Organization 2012). Based primarily off one large 
systematic review with meta-analysis (Aburto et al. 2013), the WHO set recommen- 
dations to consume at least 90 mmol (~3500 mg) of K day ! to reduce BP, 
cardiovascular disease (CVD), stroke, and coronary heart disease (World Health 
Organization 2012; Weaver et al. 2018). 

Current recommendations for the USA and Canada were recently revised by the 
National Academy of Sciences, Health, and Medicine Division. According to the 
2019 DRI guidelines for K, lack of a sensitive biomarker and limitations across K 
bioavailability and retention studies offer insufficient evidence to establish EAR and 
RDA levels for adequacy or deficiency (National Academies of Sciences and 
Medicine 2019). Because of this, the committee set Als using intake data from 
two nationally representative surveys, NHANES and Canadian Community Health 
Survey (CCHS). The highest median K intake across the two surveys was selected 
for each DRI group and set as the AI. For adults, the data that informed the K AIs 
were from healthy, normotensive individuals without a self-reported history of CVD. 
In contrast to the 2005 DRI report, adult AIs were separated by sex, with a K intake 
of 3400 mg day ' for men and 2600 mg day! for women (National Academies of 
Sciences and Medicine 2019). This is remarkably lower than the Als established in 
2005, set at 4700 mg day ! for adults 18 and older (Institute of Medicine 2005). 
Because observational data looking at increased K intakes and CVD (and associated 
disease) risk are mixed (Newberry et al. 2018; National Academies of Sciences and 
Medicine 2019), CDRR intake level for K could not be established. Blood pressure 
was considered for a surrogate marker for CVD risk reduction, based on findings that 
show a reduction in BP with increased supplemental K intake (Newberry et al. 
2018), but given the lack of clear evidence supporting K intake alone in the reduction 
of CVD and related mortality, the committee decided against this. 

Actual K requirements would vary with an individual's genetics, Na intake, and 
status of various health-related biomarkers. Potential benefits of increasing K con- 
sumption may include decreases in vascular pressure, optimal kidney function, 
improvement in glucose control, and possible bone benefit (He and MacGregor 
2008; Weaver 2013). 
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15.2 Internal Balance of Potassium 


15.2.1 Potassium Tissue Movement 


About 9096 of dietary K is passively absorbed in the small intestine. In the proximal 
small intestine (duodenum, jejunum) K* absorption primarily follows water absorp- 
tion, while distally (ileum) movement is more influenced by changes in 
transepithelial electrical potential difference. In the colon, K is both excreted, in 
exchange for Na, as well as reabsorbed via H*/K* ATPases (Meneton et al. 2004). 
Total body K is estimated to be approximately 43 mmol K kg“ in adults, with only 
296 of this found in the extracellular fluid. Most of the body K content is found in the 
intracellular space of skeletal muscle. Potassium is the primary intercellular cation 
and plays a key role in maintaining cell function, having a marked influence on 
transmembrane electrochemical gradients (Palmer 2015; Stone et al. 2016). The 
gradient of K* across the cell membrane determines cellular membrane potential, 
which, based on the normal ratio of intracellular to extracellular K*, is —90 mV. This 
potential difference is maintained in large part by the ubiquitous ion channel, the 
sodium-potassium (Na*/K^) ATPase pump. Transmembrane electrochemical gradi- 
ents cause the diffusion of sodium (Na*) out of the cell and K* into the cell. This 
process is reversed, and cellular potential difference is held constant, via the afore- 
mentioned Na*/K* ATPase pumps. When activated, the Na*/K* ATPase pump 
exchanges two extracellular K* ions for three intracellular Na* ions, influencing 
membrane potential based on physiological excitation or inhibition. These channels 
are partially responsible, along with the Na*/K* chloride symporter, and sodium- 
calcium exchanger, for maintaining the potential difference across the resting cell 
membrane as well. Both resting membrane potential and the electrochemical differ- 
ence across the cell membrane are crucial for normal cell biology, especially in 
muscle, cardiac, and nervous tissue (Palmer 2015; Unwin et al. 2011; Stone et al. 
2016; Stone and Weaver 2018). 

Distribution of K under normal physiological conditions is referred to as internal 
balance. In healthy individuals, the blood K concentration ranges between 3.5 and 
5.5 mM, with numerous homeostatic mechanisms in place for maintenance within 
this narrow margin. Changes in plasma concentrations of K* alter the electrochem- 
ical gradient and can lead to physiological dysfunction. In hyperkalemia, when K 
concentrations exceed 5.5 mM, membrane depolarization can lead to muscle weak- 
ness, paralysis, and cardiac dysrhythmias (e.g., sinus bradycardia, ventricular tachy- 
cardia, ventricular fibrillation). Conversely, hypokalemia, when K plasma 
concentration is below 3.5 mM, can cause membrane hyperpolarization, interfering 
with normal nerve and muscle function leading to muscle weakness and decreases in 
smooth muscle contraction (Stipanuk 2006). Hypokalemia can also cause both atrial 
and ventricular cardiac dysrhythmias, as well as lead to paralysis and if left 
untreated, death. Total body K is found intercellularly (9896) primarily in the muscle 
(7096) and to some extent all other tissues. Distribution and metabolism of K are 
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influence by hormones (insulin, aldosterone, catecholamines), acidemia, and fluid 
balance. 

In response to the dietary consumption of a high K meal, insulin enhances the 
cellular uptake of K*. Insulin, released from pancreatic beta-cells, increases K uptake 
via the stimulation of Na*/K* ATPase activity in skeletal and cardiac muscle, fat 
tissue, liver, bone, and red blood cells, attenuating the rise in plasma K* following 
consumption (Greenlee et al. 2009). Potassium uptake is also influenced by the 
stimulation of both o and 2 adrenergic receptors by the circulating stress hormones 
catecholamines (epinephrine, norepinephrine) (Palmer 2015; Unwin et al. 2011). 
Mechanistically, the insulin-mediated regulatory pathway leads to Na*/K* ATPase 
activation via stimulation of cell surface tyrosine kinase receptors (insulin substrate 
receptor-1; IRSI), which also stimulates the translocation of intracellular glucose 
transport proteins (GLUTA in muscle) facilitating the influx of glucose into the cell. 
Downstream activation of signaling cascades involving IRS1-phosphatidylinositide- 
3-kinase (PI3-K) and protein kinase A (PKA) facilitate both K and glucose uptake 
(Unwin et al. 2011; Stone et al. 2016). Catecholamine binding to 62 adrenergic 
receptors activates pathways mediated by cyclic adenosine-mono-phosphate 
(cAMP) and PKA to increase Na*/K* ATPase activity and cellular K* uptake. In 
contrast, stimulation of «1 and «2 adrenergic receptors, primarily through increased 
circulating levels of the stress hormone norepinephrine, lead to activation of hepatic 
calcium-dependent K* channels and increased plasma K concentration via K release 
from the liver. Aldosterone, which has a marked effect on renal handling of K, may 
also influence the transmembrane distribution of K* via stimulation of cellular Na* 
uptake through activation of Na*/H* or Na'/K"/CI transporters and subsequently 
Na*/K* ATPases (Unwin et al. 2011; Stipanuk 2006). While hormones play an 
important role in the movement of K* within the body, the concentration of other 
ions (inorganic and organic) is also influential in maintaining proper internal balance 
(Stone et al. 2016). 

Metabolic acidosis caused by inorganic anions (mineral acidosis) can also stim- 
ulate the K* movement. The effect of acidemia on enhancing cellular K loss is not 
related to direct K*-H* ion exchange, but rather via action on transporters which 
normally regulate skeletal muscle pH (Aronson and Giebisch 2011; Stone et al. 
2016). The decrease in extracellular pH reduces the rate of Na*/H* exchange and 
inhibits Na*/bicarbonate (HCO; ) cotransport. The fall in intracellular Na* reduces 
Na*/K* ATPase activity, leading to decreased K* influx, cellular K* losses, and 
possible hyperkalemia (Palmer 2015; Stone et al. 2016). Additionally, a fall in 
extracellular HCO; increases inward flux of Cl” via upregulation of CI /HCO4 ~ 
exchange, increasing K*/CI cotransport and subsequent K* efflux. In metabolic 
acidosis via organic anion (e.g., lactic acid) accumulation, loss of K from the cell is 
much smaller. Accumulation here, through the movement of both anions and H* 
through monocarboxylate transporters (MCT; MCTI, MCT4), leads to a lower 
intracellular pH, stimulating the movement of Na* via Na'/H* and Na'7HCO;, 
transporters. An increase of intracellular Na* maintains Na*/K* ATPase activity, 
limiting the efflux of K*. Generally, metabolic acidosis (inorganic or organic) causes 
greater K* efflux than respiratory acidosis, HCO3 being the primary anion 
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accumulating in the cell to balance the influx of hydrogen ions (Perez et al. 1981; 
Stone et al. 2016). Movement of cellular K varies similarly in response to different 
types of physiological alkalosis as well. In respiratory alkalosis, K* influx is reduced 
compared to metabolic alkalosis, due to the efflux of cellular HCO4 (Stone et al. 
2016). 


15.2.2 Renal Potassium Handling 


The majority of consumed K is excreted in the urine, with the remaining excreted in 
the stool, and, under homeostatic conditions, a variable amount in sweat (Shils and 
Shike 2006). Potassium has a higher ratio of dietary intake to extracellular pool size; 
recall only 2% of the total body K* is distributed in the extracellular fluid (ECF) with 
the remaining distributed in the intracellular fluid (ICF) of various tissues. To meet 
the challenge of a high K meal, the K homeostatic system is very efficient at clearing 
plasma K via an increase in renal K excretion. When dietary K intake increases or 
decreases, the kidneys modulate excretion accordingly, ensuring the maintenance of 
plasma K* concentration (Stone et al. 2016). In addition, with the administration of 
acute K loads, only approximately half of the dose appears in the urine after 4—6 h, 
suggesting that extrarenal tissues (e.g., muscle, liver, adipose) play an important role 
in K homeostasis as well via insulin and catecholamine uptake (Youn 2013; Bia and 
DeFronzo 1981; Stone et al. 2016). Excessive extrarenal K losses are usually small 
but can occur in individuals with diarrhea, severe burns, or excessive and prolonged 
sweating (Stone et al. 2016; Stone and Weaver 2018). 

Potassium is freely filtered by the glomerulus of the kidney, with most of it being 
reabsorbed (70-80%) in the proximal convoluted tubule (PCT) and loop of Henle. 
Under physiological homeostasis, the delivery of K to the nephron remains constant. 
Conversely, the secretion of K by the distal nephron is variable and depends on 
intracellular K concentration, luminal K concentration, and cellular permeability 
(Palmer 2015; Stone et al. 2016). Two major factors of K secretion/loss involve the 
renal handling of Na and mineralocorticoid activity. Reabsorption in the proximal 
tubule is primarily passive and proportional to reabsorption of solute and water, 
accounting for ~60% of filtered K (Penton et al. 2015; Ludlow 1993; Stone et al. 
2016). Within the descending limb of Henle's loop, a small amount of K* is secreted 
into the luminal fluid, while in the thick ascending limb (TAL), reabsorption occurs 
together with Na* and CI , both trans- and paracellularly. This leads to the K 
concentration of the fluid entering the distal convoluted tubule to be lower than 
plasma levels (^2 mM), facilitating eventual secretion (Ludlow 1993; Stone et al. 
2016). Similar to reabsorption in the proximal tubule, paracellular diffusion in 
Henle's loop is mediated via solvent drag, while transcellular movement occurs 
primarily through the apical  sodium-potassium-chloride  (Na'/K"/2CI ) 
cotransporter (Ludlow 1993; Stone et al. 2016). The renal outer medullary K channel 
(ROMK), also located on the apical membrane, mediates the recycling of K from the 
cell to the lumen, sustaining the activation of the Na*/K*/2C1" cotransporter and K 
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reabsorption in the ascending limb. The movement of K through ROMK induces a 
positive lumen voltage potential, increasing the driving force of paracellular cation 
(e.g, Ca?*, Mg?*, K*) reabsorption as well. Na*/K* ATPase pumps located 
basolaterally throughout the loop, maintain low levels of intracellular Na* and 
further provide a favorable gradient for K* reabsorption (Palmer 2015; Unwin 
et al. 2011; Stone et al. 2016; Stone and Weaver 2018). 

Major regulation of K excretion begins in the late distal convoluted tubule (DCT) 
and progressively increases through the connecting tubule and cortical collecting 
duct. In the early DCT luminal, Na* influx is mediated by the apical sodium chloride 
cotransporter (NCC) and continues into the late DCT via the epithelial Na* channel 
(ENaC) (Meneton et al. 2004; Stone et al. 2016). Both are expressed apically and are 
the primary means of Na reabsorption from the luminal fluid. Sodium reabsorption 
leads to an electrochemical potential that is more negative than peritubular capillary 
fluid. This charge imbalance is matched by an increase in the aforementioned 
paracellular reabsorption of CI ^ from the lumen, as well as increases in Na*/K* 
ATPase and ROMK activity. Increased distal delivery of Na increases Na 
reabsorption, leading to a more negative luminal/plasma potential gradient and an 
increase in K secretion (Stone et al. 2016). 

Most K excretion is mediated by principal cells in the collecting duct. Principal 
cells possess basolateral Na*/K* ATPases, which facilitate the movement of K from 
the blood and into the cell. The high cellular concentration of K provides a favorable 
gradient not only for the movement of K into the tubular lumen but for the 
reabsorption of Na as well. Movements of K and Na occur through the ROMK 
and ENaC channels, respectively. In conditions of K depletion, reabsorption of K 
occurs through H*/K* ATPases, located on the apical membrane of a-intercalated 
cells in the collecting duct, thus, providing a mechanism in which K depletion 
increases K reabsorption (Meneton et al. 2004; Stone and Weaver 2018). 

Two primary types of K channels have been identified in the cortical collecting 
duct, the aforementioned ROMK, as well as the maxi-K channel (also known as the 
BK large conductance K* channel). The ROMK is known to be the major K 
secretory pathway, characterized by activity during the low conductance of normal 
physiologic renal fluid excretion. Conversely, the maxi-K channel is quiescent in 
basal conditions and becomes activated during periods of increased tubular flow, 
increasing K secretion in a flow-dependent manner (e.g., hypervolemia, high arterial 
pressure) (Palmer 2015). 


15.2.3 Interactions with Sodium Balance 


Sodium and K'* are the primary electrolytes found in body fluids and work in concert 
to maintain normal fluid balance. There are no known receptors capable of detecting 
fluctuations of Na* within the body, however physiological mechanisms that control 
extracellular fluid volume effectively control Na* balance, influencing K* movement 
as well. Perturbations in extracellular fluid volume lead to the recruitment of 
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mechanisms that influence both the volume and pressure of circulation (cardiac and 
arterial pressure). Vascular pressure receptors (baroreceptors) sense changes in 
stretch or tension in vascular beds. Receptors that respond to low-pressure found 
in the central venous portion of the vascular tree respond to changes in blood 
volume, while high-pressure receptors located in the arterial circulation respond to 
changes in blood pressure (Stipanuk 2006). With hypovolemia (low fluid volume) 
baroreceptors are activated in the vasculature of the pulmonary vein and/or walls of 
the cardiac atria and send efferent signals to the central nervous system (CNS) to 
induce both a sympathetic and hormonal response. Hormonally this causes increased 
release of arginine vasopressin (AVP; antidiuretic hormone) from the posterior 
pituitary gland, which increases the permeability of the collecting ducts of the 
kidneys to water, facilitating water reabsorption and increased fluid volume. AVP 
also increases the reabsorption of Na* and Cl” in the TAL and collecting duct, 
overall decreasing Na and water loss. As part of a reflex response to a fall in systemic 
pressure, sympathetic neurons that innervate the afferent/efferent arterioles of the 
glomerulus release the neurotransmitter norepinephrine, causing an increase in renal 
vasculature resistance and a decrease in fluid filtration. The decrease in renal blood 
flow leads to an overall reduction in filtration and Na loss. Stimulated «1 and o2 
adrenergic receptors in the proximal tubular cells of the kidney also increase the 
activity of basolaterally located Na*/K* ATPase and apical Na‘/H* exchanger, 
respectively, increasing reabsorption of Na* from the PCT luminal fluid. 

In addition to affecting renal hemodynamics, stimulation of «1 adrenergic recep- 
tors induce the release of renin from the juxtaglomerular cells of the kidney afferent 
and efferent arterioles. Renin, as part of the renin-angiotensin-aldosterone hormonal 
axis, is a proteolytic enzyme that when released into circulation is responsible for 
cleaving the hepatically produced protein angiotensinogen into angiotensin 1. Angio- 
tensin 1 undergoes further cleavage into angiotensin 2 (ANG-2), catalyzed by 
angiotensin-converting enzyme (ACE) which is produced primarily by the epithelial 
cells of the lungs. Angiotensin 2 is a vasoactive hormone, increasing total peripheral 
vascular resistance in response to low blood volume thus normalizing total pressure. 
In the CNS ANG-2 stimulates the release of AVP from the posterior pituitary, and 
increases thirst and salt appetite. Angiotensin 2 also has direct and indirect effects on 
renal Na loss. Directly ANG-2 increases vascular resistance of the efferent arterioles, 
decreasing renal plasma flow. Angiotensin 2 also has direct effects on the tubular 
transport system, increasing expression of the Na*/K* ATPase and Na'/HCO; 
exchanger in the basolateral and apical membrane of the proximal kidney, respec- 
tively, and the Na*/H* exchanger and ENaC in the distal tubules (Gumz et al. 2015). 
Overall decreasing loss and increasing Na reabsorption. Indirectly ANG-2 in circu- 
lation stimulates the release of the mineralocorticoid aldosterone from the adrenal 
cortex. Aldosterone is secreted in response to low plasma Na (hypovolemia), high 
plasma K, and increases in ANG-2. Aldosterone increases K secretion by stimulating 
an increase in luminal Na reabsorption. Aldosterone directly increases renal cellular 
uptake of Na via apical stimulation of ENaC and ROMK expression and increased 
activity of basolateral Na*-K* ATPases (Shils and Shike 2006). Increased 


15 Improving Human Nutrition: A Critical Objective for Potassium Recommendations... 425 


reabsorption of Na* also increases the potential difference across the tubular cell, 
enhancing the secretion of K* from the cell into the more electronegative lumen. 


15.3 Potassium Bioavailability 


Potassium is found in most plant and animal tissues, with fruits and vegetables 
having a higher nutrient density than cereals and animal foods. Potassium is intrin- 
sically soluble and quickly dispersed in the luminal water of the upper digestive 
tract. The small intestine is the primary site of K absorption, with approximately 
90% of dietary K being absorbed by passive diffusion (Demigne et al. 2004; Stone 
et al. 2016). Little is known about the bioavailability of K, with the majority of work 
being centered on the assessment of urinary K losses after K salt supplementation 
(Melikian et al. 1988; Bechgaard and Shephard 1981; Betlach et al. 1987; Stone et al. 
2016). 


15.3.1 Kinetic Modeling and Potassium Bioavailability 


Many different models of K movement within the body have been proposed, each 
developed to fit various areas of biological interest. The complexity of each model 
varies, from early recommendations by the International Commission on Radiolog- 
ical Protection for evaluation of radio potassium exposure limiting the body to one 
large mixed pool of K to more complex anatomically related compartmentalization 
(ICRP 1975, 2007; Valentin 2002; Stone et al. 2016). In one of the earliest schemes, 
Ginsburg and Wilde (1954) constructed a five-compartment model, mathematically 
derived from murine data looking at tissue groupings (muscle/testes, brain/RBC, 
bone, lung/kidney/intestine, liver/skin/spleen) and their K exchange between a 
common compartment of ECF (Ginsburg 1962; Ginsburg and Wilde 1954; Stone 
et al. 2016). Utilizing 42K* intravenous (IV) injections, researchers noted a wide 
spectrum of tracer exchange rates between tissues, with kidneys being the fastest 
(equilibrium with plasma at 2 min) and muscle and brain being the slowest 
(2600 min) (Ginsburg 1962). Based on this model, the total K mass of the four 
primary tissue compartments should be equivalent to total body K. However, find- 
ings revealed that this was not the case, the total sum only accounting for 7396 of K 
mass. Investigators concluded that exchange rates/pools may be heterogeneous 
across both organs and organ groups, making the idea of grouping tissue compart- 
ments even more complex, and the internal movement of K more nuanced. Later, 
Leggett and Williams (1986) proposed a more anatomically specific model based on 
the quantitative movement of K through mathematically derived compartments 
within a physiologically relevant framework (Stone et al. 2016). Their model, similar 
to previous depictions, identifies plasma/ECF as the primary feeding compartment, 
with equilibrium distribution of K, regional blood flow rates, and K tissue extraction 
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fractions, all influencing K exchange. The model also describes K exchange from 
plasma/ECF to tissues as a relatively rapid and uniform process; skeletal muscle 
being the only exception, with slower exchange due to its role as the main site of K 
storage. This concept is confirmed by earlier studies looking at exchange rates of 
total body K using measures of whole-body counting of radioactivity, IV adminis- 
tration of OK, and *°K/*?K ratios (Edmonds and Jasani 1972; Jasani and Edmonds 
1971; Stone et al. 2016). These early works revealed that after absorption, most body 
K exchanges rapidly with a half-life of less than 7 h, while a small portion thought to 
be contained primarily in skeletal muscle exchanges more slowly (~70 h) (Jasani and 
Edmonds 1971; Surveyor and Hughes 1968). A better understanding of kinetic 
modeling and K movement throughout the body may help to reveal how specific 
tissues influence K bioavailability, and further the understanding of its role in health 
(Stone et al. 2016). 

In a recent study conducted by Macdonald and colleagues (2016), researchers 
aimed to assess and compare the bioavailability of K from potato (Solanum 
tuberosum L.) sources (non-fried white potatoes, French fries) and a K supplement 
(potassium gluconate). Thirty-five healthy men and women (age of 29.7 + 11.2 year, 
body mass index of 24.3 + 4.4 kg m ?) were randomized to nine, five-day 
interventions of additional K equaling: 0 mmol (control at phase 1 and repeated at 
phase 5), 20 mmol (1500 mg), 40 mmol (3000 mg), 60 mmol (4500 mg) K day ! 
consumed as K* gluconate or potato, and 40 mmol K* day! from French fries. 
Bioavailability of K was determined from the area under the curve (AUC) of serial 
blood draws and 24-h urinary excretion assessed after a test meal of varying K dose 
given on the fourth day. Investigators found increases in serum K AUC with 
increasing dose regardless of source, while 24-h urine K concentration also increased 
with dose but was greater with potato compared to supplement. Blood pressure 
(BP) was also assessed throughout the study but resulted in no significant findings. 
These outcomes reveal the need for a full K balance study, looking at intakes from a 
variety of dietary sources and complete losses (urine and feces), to fully understand 
K bioavailability differences between dietary K and supplements and their subse- 
quent health effects (Stone et al. 2016). 


15.4 Potassium and Hypertension 


Hypertension, or high blood pressure, is the leading cause of cardiovascular disease 
and a major contributing risk factor for the development of stroke, coronary heart 
disease, myocardial infarction, heart failure, and end-stage renal disease, amounting 
to a US public health financial burden of $53.2 billion (Roger et al. 2012; Benjamin 
et al. 2018). Approximately one in three American adults 720 years (^86 million) 
are estimated to have HTN, while nearly 60 million are at risk for developing HTN 
(BP greater than 120/80 mmHg) (Benjamin et al. 2018). Approximately 9096 of US 
adults older than 50 year are at risk for the development HTN, with systolic rises 
being the most prevalent (Svetkey et al. 2004). Hypertension is a leading cause of 
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morbidity and mortality worldwide and second only to smoking as a preventable 
cause of death in the US (Lopez and Mathers 2006; Stone et al. 2016; Stone and 
Weaver 2018). 


15.4.1 Mechanisms of Arterial Pressure Control 


Regulation of systemic arterial pressure is the most important role of the cardiovas- 
cular system. Arterial pressure is a result of cardiac output (heart rate x stroke 
volume), or blood being pumped from the heart into the systemic circulation, and 
total peripheral vascular resistance, or the degree to which the systemic vasculature 
is in a state of constriction or dilation (Mohrman and Heller 2010). Blood pressure is 
regulated by both short-term and long-term mechanisms. In the short-term, arterial 
baroreceptors, located predominately in the walls of the aorta and the carotid arteries, 
respond to sensory inputs of increased stretch in the vasculature sending afferent 
signals to the medullary cardiovascular center in the CNS. Subsequently, the CNS 
integration process is such that increased input from the arterial baroreceptor reflex, 
caused by increases in arterial pressure, will cause a decrease in the tonic activity of 
cardiovascular sympathetic nerves and an increase in cardiac parasympathetic nerve 
activity. The result of this negative feedback system being an overall decrease in 
BP. Conversely, a decrease in mean arterial pressure would increase sympathetic and 
decrease parasympathetic neural activity (Ekmekcioglu et al. 2016). If arterial 
pressure remains elevated for several days the baroreceptor reflex will gradually 
adjust to this new pressure set point and cease firing. Because of this, it is not 
considered a good mechanism for long-term control. Long-term pressure regulation 
is closely tied to the prevalence and potential causes of hypertension. Long-term 
regulation is theorized to be primarily dependent on the way the kidneys handle Na 
(e.g., extracellular osmolarity) and regulate blood volume. Arterial pressure has a 
marked effect on urinary output rate and total body fluid volume. A disturbance that 
leads to an increase in arterial pressure will in turn cause an increase in urinary 
output, decreasing total fluid volume and bring arterial pressure back to a homeo- 
static level. Again conversely, a decrease in arterial pressure would lead to fluid 
volume expansion. Similar to short-term regulation, long-term regulation works as a 
negative feedback loop, utilizing modulation of fluid volume as a means for pressure 
regulation. 

As discussed previously, the kidneys play a major role in regulating electrolyte 
balance and the osmolarity of blood plasma. Plasma is filtered within the glomerular 
capillaries before entering the renal tubules of the nephron. The rate at which this 
process occurs is referred to as the glomerular filtration rate (GFR) and is influenced 
by both the hydrostatic and oncotic aspects of arterial pressure. Increased blood 
volume and pressure will increase GFR, and when the body is at physiological 
steady-state, arterial pressure must remain at a level that ensures urinary output equal 
fluid intake (Mohrman and Heller 2010). Filtered fluid enters the renal tubules where 
it is either reabsorbed and reenters the cardiovascular system, or is excreted as urine. 
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As stated earlier, the kidneys regulate blood osmolarity primarily via modulation of 
total body water rather than total solutes, although some fluid reabsorption occurs 
because Na’ is actively pumped out of the renal tubules. The previously discussed 
hormonal influences of arginine vasopressin (antidiuretic hormone; AVP) and the 
renin-angiotensin-aldosterone axis stimulate both water and Na* reabsorption in 
response to low fluid volume/low blood pressure. The resulting increase in BP, and 
overall dysregulation of this long-term control mechanism, may explain the inci- 
dence of hypertension to some degree, although the majority of primary HTN 
remains idiopathic. 

Systemic HTN is defined as an elevation of systolic BP (vascular pressure during 
cardiac muscle contraction) above 140 mm Hg and diastolic blood pressure (vascular 
pressure during cardiac muscle relaxation) above 90 mm Hg. Secondary HTN can be 
traced to a preexisting comorbidity such as kidney disease, obesity and/or diabetes, 
and various forms of cancer. Primary or essential HTN ("essential to drive blood 
through the vasculature) often has no diagnosable cause, leaving only the symptom 
of high BP to be treated either pharmacologically, or through lifestyle modification 
(e.g., exercise and diet). 


15.4.2 Potassium and Arterial Pressure 


Theorized mechanisms of how K* influences vascular health include effects on the 
renin-angiotensin-aldosterone system, reduction in adrenergic tone, increased Na* 
excretion (natriuresis), and increases in vasodilation. Short-term increased consump- 
tion of K* may improve the function of endothelial cells, a monolayer of cells within 
the vasculature that control the tone of the underlying vascular smooth muscle. 
Elevated serum K*, within the physiological range, may induce endothelial hyper- 
polarization via a stimulation of Na*/K* ATPase pumps and the activation of plasma 
membrane K* channels, leading to subsequent vasodilation via efflux of Ca** from 
vascular smooth muscle cells (Haddy et al. 2006; Ekmekcioglu et al. 2016). 
Increased K* intake may also enhance vasodilation and improve BP regulation via 
inhibition of sympathetic neural transmission and reduced sensitivity to 
catecholamine-induced vasoconstriction, increased endothelial nitric oxide release, 
alteration of baroreceptor sensitivity, and increased Na* excretion (Haddy et al. 
2006; He et al. 2010; Stone and Weaver 2018). 

In relation to Na*, increases in K* intake can lead to increased Na* excretion 
which may improve the overall fluid volume and BP control. As described previ- 
ously, active Na* and K* reabsorption and excretion are primarily regulated by the 
epithelial Na* channels (ENaC; Na reabsorption) and the renal outer medullary K* 
channel (ROMK; K excretion) transporters of the kidney. Na* is also actively 
reabsorbed in DCT by the Na*/CI cotransporter (NCC), which determines the 
delivery of Na* to the downstream ENaC and ROMK, and directly influences the 
reabsorption of Na* and excretion of K*. Assessed in animal models, increased K* 
feeding increases extracellular K* concentration leading to a decrease in NCC 
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activity (via a phosphorylation-dephosphorylation mechanism) reducing Na* 
reabsorption, and increasing urinary loss (Veiras et al. 2016). Prospective human 
population studies show that higher fruit and vegetable intake (and assumed 
increased dietary K*) increases Na* excretion, which may lead to improvements in 
fluid balance and BP control (Cogswell et al. 2016). In contrast, low K* intake may 
lead to excessive Na* retention independent of fluid dynamics. In animal models, 
inadequate K* upregulates the Na*/H* exchanger in the PCT, leading to increased 
Na* reabsorption and fluid expansion (Soleimani et al. 1990). Potassium depletion 
may also lead to increased activity of the NCC, increasing Na* and fluid reabsorption 
in the distal kidney, and promoting arterial pressure dysregulation. While the 
influence of both K* and Na*, and the complex physiological relationship between 
the two are intimately tied to fluid balance and arterial pressure, the mechanisms 
behind this are still unknown (Stone and Weaver 2018). 


15.4.3 Epidemiological Data 


Numerous epidemiological studies suggest diet as a key component in BP control, 
with some studies showing lower BP in populations consuming higher amounts of 
fruits and vegetables (INTERSALT 1988; Young et al. 1995; Elford et al. 1990). 
Dietary patterns shown to lower BP include increased K and reduced Na intake, 
increases in fruit and vegetable consumption, as well as other foods rich in antiox- 
idants (Appel et al. 1997; Svetkey et al. 1999). A population study conducted by 
Khaw et al. in St. Lucia, West Indies suggested an increase in K by 700-1200 mg/ 
day (20-30 mmol/day) resulted in a 2-3 mmHg reduction in systolic blood pressure 
(SBP) (Khaw and Rose 1982). In adults, a 2-mmHg reduction in BP can reduce CHD 
and stroke mortality rates by 4 and 696, respectively (Stamler 1991). The 
INTERSALT study, a worldwide epidemiologic study (n — 10,079 men and 
women aged 20—59 year from 32 countries) that looked at the relationship between 
24 h. Na excretion and BP provided evidence of K intake as an important factor 
affecting population BP, independent of Na, among diverse population groups 
(Stamler 1991). The American Heart Association has estimated that increasing K 
intake may decrease HTN incidence in Americans by 17% and lengthen life span by 
5.1 years (Roger et al. 2012; Stone et al. 2016; Stone and Weaver 2018). 


15.4.4 Potassium Supplementation Studies 


Epidemiological studies have evaluated the effects of K from foods, while clinical 
intervention trials have primarily used K supplements. Several meta-analyses show a 
significant reduction in BP with increasing K supplementation (Beyer et al. 2006; 
Whelton et al. 1997; Cappuccio and MacGregor 1991; Geleijnse et al. 2003). In an 
early meta-analysis Cappuccio and MacGregor reviewed 19 clinical trials looking at 
the effect of K supplementation on BP in primarily hypertensive individuals (412 of 
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586 participants). With the average amount of K given at 86 mmol day! (~3300 mg 
day '; as primarily KCl) for an average duration of 39 days, researchers found that 
K supplementation significantly reduced SBP by 5.9 mm Hg and diastolic blood 
pressure (DBP) by 3.4 mm Hg. Greater reductions were found in individuals who 
were on supplementation for longer periods of time (Cappuccio and MacGregor 
1991). Another regression analysis looked at the effect of K supplementation in both 
normotensive and hypertensive individuals. Researchers found an average K dose of 
60-120 mmol day ! (2500-5000 mg day!) reduced SBP and DBP by 4.4 and 
2.5 mm Hg, respectively, in hypertensive patients, and by 1.8 and 1.0 mm Hg, 
respectively, in normotensive individuals (Whelton et al. 1997). As is evident, the 
effect of K supplementation on BP reduction is generally positive, but not consistent. 
According to a more recent meta-analysis conducted by Dickinson et al. (2006), K 
supplementation did not significantly reduce BP in those with hypertension, 
although this analysis was only based on five trials, and findings, while not statis- 
tically significant, did reveal reductions in both SBP and DBP (Beyer et al. 2006; 
Dickinson et al. 2006). In general, these outcomes show that the BP-lowering effects 
of K supplementation are greater in those with HTN and more pronounced in blacks 
compared to whites. Other noted factors that may influence the effects of K supple- 
mentation on BP include pre-treatment BP, age, gender, intake of Na and other ions 
(magnesium, calcium), weight, physical activity level, and concomitant medications. 
In addition, these analyses suggest the optimal K dose range as 1900-3700 mg 
day ', for lowering of approximately 2-6 mm Hg in SBP and 2-4 mm Hg in DBP 
(Houston 2011; Stone et al. 2016; Stone and Weaver 2018). 


15.4.5 Dietary Intake Clinical Trials 


Findings from the recent Agency for Healthcare Research and Quality (AHRQ) 
report on K intake and chronic disease concluded, with a moderate strength of 
evidence, that increasing K intake decreases BP, particularly in those with HTN 
(Newberry et al. 2018). Although, of the 18 randomized controlled trials assessed by 
the AHRQ, only 4 were dietary interventions, the rest involved K supplementation as 
described above. 

Evidence from dietary interventions is extremely limited, with the majority of 
findings being extrapolated from The Dietary Approaches to Stop Hypertension 
(DASH) study (Appel et al. 1997). The DASH interventions determined that a diet 
higher in fruits and vegetables, fiber, and low-fat dairy products, and lower in 
saturated and total fat and Na could improve BP outcomes compared to the average 
American diet (Sacks and Campos 2010). Although the DASH diet does lead to a 
dramatic increase in K consumption (4100-4400 mg day~'), due to its other dietary 
modifications, the beneficial effects on arterial pressure cannot be attributed to K 
alone. In an earlier study conducted by Chalmers and colleagues in an Australian 
cohort, researchers assessed the effects of both the reduction of Na and the increase 
of K in the diet on BP (Chalmers et al. 1986). Two-hundred-and-twelve hypertensive 
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(DBP between 90- and 100-mmHg) adults (age 52.3 + 0.8 year; 181 males and 
3] females) were recruited and placed in one of the 4 following diet groups: a 
normal diet group (control), a high K diet (100 mmol K day! or > 3900 mg 
day '), a reduced Na diet (50-75 mmol Na* day! or 1150-1725 mg day P), ora 
high K/low Na diet. The duration of the diet intervention for this parallel design 
study was 12 weeks in which subjects were given nutrition coaching on how to 
adjust their diet choices based on their group (e.g., increasing fruit/vegetable 
intake, avoiding table salt and foods high in Na). Investigators found significant 
reductions in both SBP and DBP in each intervention group compared to controls, 
but no significant differences between diet manipulation groups, with reductions in 
the high K group being —7.7 + 1.1 and —4.7 + 0.7 mm Hg for SBP and DBP, 
respectively. Although high K intake did appear to reduce BP the lack of differ- 
ences between groups points to the possibility of an overall diet effect. In a more 
recent study conducted on a UK cohort, Berry et al. assessed the effects of 
increased K intake from both dietary and supplement sources on BP in untreated 
pre-hypertensive individuals (DBP between 80 and 100 mm Hg) (Berry et al. 
2010). In a cross-over design, subjects (n — 48, age 22-65 year) completed four, 
6-week dietary interventions including a control diet, an additional 20 or 40 mmol K 
day ! (780 or 1560 mg day !) from increased fruit and/or vegetable intake, and 
40 mmol K citrate day”! as capsules. Each treatment was followed by a washout of 
at least 5 weeks. Similar to the Chamlers study, subjects were counseled by 
nutrition professionals on how to regulate their food choices during each dietary 
intervention, primarily focused on increasing fruit and vegetable intake. Findings 
revealed no significant changes in the primary outcome measure of ambulatory BP 
between the control group and any of the interventions. The lack of control used to 
conduct these K dietary interventions is the primary limiting factor in their ability 
to adequately assess the true effect of increased dietary K intake on BP outcomes. 
A complete balance study with a controlled diet is necessary to accurately assess K 
retention, and its acute and prolonged effects on BP and related outcomes. Cur- 
rently, the lack of evidence from clinical trials looking specifically at dietary K 
intake and its effect on BP points to a large gap in the K literature. More research is 
needed in this area to completely understand the effects of dietary K intake on the 
regulation of arterial pressure and the potential for health benefit (Stone et al. 2016; 
Stone and Weaver 2018; Weaver et al. 2018) (Table 15.1). 


15.5 Potassium, Diabetes, and Glucose Control 


Blood glucose levels are tightly regulated within a range of 70-100 mg dL ^! After 
ingestion of a meal the rise in circulating glucose levels, along with other factors, 
stimulates the release of the hormone insulin from the pancreas. Insulin is secreted 
from the islets of Langerhans from the B-cells of the pancreas and has an action on 
target tissues (e.g., skeletal muscle, liver, adipose) to facilitate cellular glucose 
uptake. Antagonistically the hormone glucagon is secreted from the a-cells of the 
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pancreas in response to low levels of blood glucose, stimulating the release of 
glucose from tissues and glucose production (gluconeogenesis) in the liver (Stipanuk 
2006). Continually changing levels of insulin and glucagon are important signals in 
informing various physiological systems of the body’s nutritional state (Stone et al. 
2016). 

Diabetes Mellitus (DM) is a degenerative disease associated with a lack of, or 
insufficient secretion, of insulin or an insensitivity to insulin stimulation in the cells 
of target tissues. DM comes in two forms: type 1, insulin-dependent, DM, or type 
2, non-insulin-dependent DM. Type | DM is primarily characterized as an autoim- 
mune disease in which the immune system attacks the cells of the pancreas leading to 
nearly complete B-cell destruction or extreme dysfunction. This results in essentially 
a complete inability to produce insulin, and the requirement of daily insulin injec- 
tions to control blood glucose. Type 2 DM (T2DM) is more complex and is often the 
result of obesity coupled with poor dietary and lifestyle choices. In T2DM the 
pancreas may still produce insulin, often in increasing amounts in response to 
increases in glucose load, but this is often insufficient to maintain homeostatic 
glucose levels if intake becomes too high and frequent. Eventually, B-cell insulin 
granules become depleted and target tissues exhibit resistance to insulin stimulation, 
leaving blood glucose levels unchecked. Prolonged elevated blood glucose levels 
can be damaging to small vessels, especially in the brain, kidneys, eyes, and 
extremities, and can eventually lead to nerve damage and tissue death. While the 
use of drugs to increase insulin secretion and improve tissue insulin sensitivity can 
be effective, lifestyle changes including better dietary choices and increased physical 
activity will often lead to control of the disease (Delli and Lernmark 2016; Hupfeld 
and Olefsky 2016; Stone et al. 2016). 

Potassium plays a role in blood glucose control by modulating the secretion of 
insulin from the pancreas. On the cellular level, K* efflux from ATP sensitive K* 
(K*/ATP) channels influences f-cell excitability and holds membrane potential at 
low levels (~—60 mV) (Ekmekcioglu et al. 2016). Increases in blood glucose lead to 
increased B-cell glucose uptake and subsequent ATP generation, which in turn 
inhibit K*/ATP channels. Decreased K* efflux leads to stimulation of voltage- 
gated Ca^* (Ca**V) channels, cellular depolarization via Ca** influx, and increased 
insulin secretion. Potassium efflux through voltage-gated K* channels leads to 
repolarization and an inhibition of Ca**V channels, inhibiting insulin release. 
While experimentally supraphysiological concentrations of K* (>10 mM) induce 
a depolarizing effect on B-cell membrane potential, the effects of extracellular K* at 
the upper end of the physiological range (5.5 mM) are unknown (Meissner et al. 
1978; Stone et al. 2016). 


15.5.1 Potassium and Glucose Control 


Glucose intolerance can often be a result of severe hypokalemia due to a deficit in K 
balance that may occur in primary or secondary aldosteronism or prolonged 
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treatment with diuretics (He and MacGregor 2008). The use of thiazide diuretics is 
widely considered the preferred initial pharmacological treatment for hypertension 
(Haddy et al. 2006). The tendency of thiazide diuretics to negatively influence 
glucose tolerance and increase the incidence of new-onset diabetes is well known. 
In a recent systematic quantitative review, researchers analyzed 59 clinical trials in 
which the relationship between the use of thiazide diuretics, hypokalemia, and 
glucose intolerance was strong (Zillich et al. 2006). Thiazide diuretics have a 
common side effect of lowering serum K and evidence shows that diuretic-induced 
hypokalemia may lead to impaired glucose tolerance via the reduction in insulin 
secretion in response to glucose loads (Chatterjee et al. 2012). In healthy individuals, 
there is also evidence to support the role of K in glucose control. Studies involving K 
depletion (e.g., low K diets) show that low levels of K can lead to glucose intolerance 
via impaired insulin secretion (Rowe et al. 1980; Sagild et al. 1961). In addition, 
when patients with thiazide-induced hypokalemia are given K supplements, the 
defects in insulin release in response to glucose loads are corrected, thus indicating 
that hypokalemia may be a significant contributing factor to the glucose abnormality 
(Helderman et al. 1983; Stone et al. 2016). 


15.5.2 Potassium and Diabetes 


The relationship between K intake and diabetes was examined in a prospective 
cohort study conducted by Colditz et al. (1992) looking at women (n — 84, 360; 
age 34—59 year) from the Nurse's Health Study. After a six-year follow-up, inves- 
tigators found that high K* intake may be associated with a decreased risk for 
developing T2DM in women with a body mass index (BMI) of 29 kg m ? or less 
(Colditz et al. 1992). When compared with women in the lowest quintile, women in 
the highest quintile for K* intake had a relative risk of 0.62 (p trend — 0.008) for 
T2DM. More recently, Chatterjee et al. assessed the association between K* intake 
and T2DM using data from the Coronary Artery Risk Development in Young Adults 
(CARDIA) study (Chatterjee et al. 2012). Researchers examined the relationship 
between urinary K* and diabetes risk for 1066 participants. Use of multivariate 
models adjusted for potential confounders including BMI, fruit and vegetable intake 
and other dietary factors revealed that those in the lowest quintile of K intake were 
more than twice as likely to develop diabetes compared to those in the highest 
quintile (HR 2.45; 9596 CI 1.08, 5.59; p for trend — 0.04). Investigators also found 
that those in the lowest quintile of K intake were significantly more likely to develop 
diabetes than those in the highest quintile of K intake (p — 0.008). Of the 4754 
participants, 373 (7.8%) developed T2DM during the follow-up period of 20 year, 
and, overall, the mean K intake of those who developed diabetes was significantly 
lower than those who did not (3393 vs. 3684 mg day '; p = 0.002). This same 
research group examined data from 12,209 individuals participating in the Athero- 
sclerosis Risk in Communities (ARIC) cohort and found serum K* to be indepen- 
dently associated with diabetes risk. Using multivariate cross-sectional analyses, a 
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significant inverse relationship between serum K* and fasting insulin levels was 
identified (p < 0.01) (Chatterjee et al. 2010). Dietary K* intake was significantly 
associated with diabetes risk in unadjusted models, with adults having serum K* 
levels lower than 4.0 mM at highest risk for DM incidence. This relationship 
continued to hold true after covariate adjustment (e.g., age, sex, race, BMI, serum 
magnesium, serum calcium, physical activity, hypertension, etc.) in multivariate 
models, with lower K* levels associated with higher BMI, larger waist circumfer- 
ence, lower serum magnesium levels, and higher fasting insulin levels as well 
(Chatterjee et al. 2010; Stone et al. 2016). 

The relationship between K and T2DM also extends to the kalemic effects of 
insulin. Higher plasma insulin levels are associated with increased K* absorption 
into cells (DeFronzo et al. 1980), and without a threshold, as seen in glycemic 
response, these kalemic effects continue to increase as insulin levels rise. DeFronzo 
et al. examined this relationship using the insulin clamp technique and graded doses 
of insulin. Investigators found a dose-dependent decline in plasma K* concentration 
with increasing insulin dose, independent of glucose uptake. This effect is likely to 
be mediated by an increased sensitivity to intracellular Na, activation of Na*-K* 
ATPase, and inhibition of K efflux (DeFronzo et al. 1980; Stone et al. 2016). 


15.6 Potassium and Bone 


Osteoporosis, or a severe reduction in bone mass leading to decreased bone health 
and increased fracture risk, is a global health problem with great financial impact. 
Over 200 million people worldwide suffer from osteoporosis, including 30% of 
postmenopausal women in both the US and Europe (S6zen et al. 2017). Peak bone 
mass is achieved by the third decade of life, after which bone loss begins, acceler- 
ating with aging in both men and women (Weaver and Fuchs 2014). The bone mass 
present at any given point during life is determined by factors that influence the 
acquisition, maintenance, or loss of bone throughout the lifespan, many of which are 
modifiable lifestyle factors (Weaver et al. 2018). 

Adequate K intake may benefit overall bone health and has been proposed to do 
so through its effect on acid-base balance (Barzel 1995; Brandao-Burch et al. 2005). 
Support for the acid-base bone theory stems from the idea that the Western diet is 
high in meats and cereal grains and low in fruits and vegetables, creating an 
environment of low-grade metabolic acidosis (net acid excretion (NAE) = 75-100- 
mEq acid/day) (Barzel 1995). Buffering of this increased acid load via bone tissue- 
derived Ca salts, is proposed to lead to bone loss. Alkaline K salts produced from 
metabolizing fruits and vegetables or K supplements (potassium bicarbonate or 
citrate) are thought to provide bicarbonate precursors and help to maintain pH 
homeostasis (~7.35—7.45). The impact of excess systemic acid on bone is suggested 
to be mediated by two mechanisms: pH buffered through the dissolution of the bone 
matrix, and cell-based mechanisms (e.g., upregulation of bone-resorbing cell (oste- 
oclast) activity) (Barzel 1995; Brandao-Burch et al. 2005). However, opposition to 
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the acid-base balance theory exists. In a rat model, looking at the relationship 
between the inhibitory effect of vegetables on bone resorption and base excess, the 
addition of potassium citrate at levels that neutralized urinary acid excretion from an 
acidogenic diet had no effect on bone turnover (Muhlbauer et al. 2002). Researchers 
measured bone turnover via a urinary excretion tracer from prelabeled bone and 
concluded reductions in bone resorption via increased vegetable intake and subse- 
quent base excess were not causally related. The authors suggested that bioactive 
compounds (e.g., flavonoids) in fruits and vegetables may be responsible for benefits 
to bone. Despite this, there is some consistency in the literature that increased K 
intake benefits bone, though the mechanisms behind this remain unclear (Weaver 
2013; Stone et al. 2016; Weaver et al. 2018). 


15.6.1 Potassium and Calcium Balance 


Potassium intake has been associated with reduced urinary Ca?* excretion. Clinical 
trials show persistently increased calciuria in both men and women given K* 
supplements (bicarbonate or citrate) vs. similar Na supplements, suggesting K may 
have a role in bone benefit beyond acid balance (Lemann et al. 1989; Frassetto et al. 
2005). In the kidney, Ca is reabsorbed via solvent drag in the PCT (60-70%) and the 
TAL (20%). Active reabsorption of Ca takes place in the DCT via specific transport 
proteins. Calcium is reabsorbed via the Ca?* channel TRPV5 from the tubular fluid 
into the cell where it binds to the transfer protein calbindin 28 K and is shuttled 
across and out of the cell via the plasma membrane Ca?* ATPase (PMCA) and Na*/ 
Ca?^* exchanger (NCX). High Na intakes have been shown to increase urinary Ca 
losses, with a loss of approximately 24—40 mg of Ca?^* for a Na* intake of ~2.3 g 
(Shils and Shike 2006). The mechanism for this is not well defined, but most likely 
involves Ca following Na excretion via solvent drag. Increased intracellular Na 
within the kidney tubular cells may also affect the dynamics of the NCX (which 
exchanges 3 Na for 1 Ca?*), leading to its dysregulation and possible reversal. 
Increased intakes of K may have the opposite effect on Ca, in which paracellular 
reabsorption in the TAL is facilitated by movement of Na*, K*, and Cl” across the 
Na*/K"/2Cl cotransporter (NKCC) on the apical membrane. Potassium shuttled 
into the cell via NKCC is subsequently re-secreted into the lumen via ROMK, 
maintaining an electropositive lumen, facilitating the passive reabsorption of Ca, 
decreasing urinary loss, and improving Ca balance. 


15.6.2 Potassium Bone Turnover and Bone Mineral Density 


Beyond the effect of K on Ca balance, several studies have assessed the influence of 
K on biochemical markers of bone turnover. Studies have shown decreases in the 
bone resorption markers C- and N-telopeptide and procollagen type I N-terminal 
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propeptide, with K supplementation (Dawson-Hughes et al. 2009; Marangella et al. 
2004). In postmenopausal women, K bicarbonate at 60-120 mmol day ! decreased 
urinary hydroxyproline excretion by 10%, while increasing serum osteocalcin, a 
marker of bone formation (Sebastian et al. 1994; Weaver 2013). 

The relationship between increased K intake and bone mineral density shows 
conflicting results as well. Only three clinical trials have been reported all done in 
populations of postmenopausal women or the elderly (760 year). One trial showed 
protection from bone mass density (BMD) loss in the spine, hip, and femoral neck, 
with a 30 mmol K day! dose as K citrate compared to KCI, but lacked a placebo 
control (Jehle et al. 2006). A second trial revealed no BMD benefit with increased 
intake from K citrate (55 or 18.5 mmol day 5, fruits and vegetables (18.5 alkali 
mmol day '), or a placebo (Macdonald et al. 2008). And the third, and strongest, 
reported a 1.796 increase in spine BMD with K citrate supplementation (60 mmol K 
day ') compared to placebo (Jehle et al. 2006, 2013; Macdonald et al. 2008). While 
generally inconclusive, findings may reveal the significance of K form and dose in 
any potential benefit for BMD. 


15.7 Opportunities for Future Interdisciplinary Efforts 
to Improve Potassium Recommendations 
of Agricultural Crops 


There is still much to learn about the role of K in overall human health. The 
importance of K in normal physiology is clear, but how adequate to greater than 
adequate intakes can help facilitate benefit to these systems is not well understood. 
Increasing dietary K has potential benefit to lowering the risk of hypertension, and 
may provide benefit to normal kidney function, glucose control, and bone 
(Fig. 15.1). We need to understand more about bioavailability and retention of K 
from foods as well as other sources. Are there unidentified inhibitors to K absorption 
or food matrix effects? Do some anions that accompany K in foods have differential 
functional advantages? Organic salts of K appear to have more benefit to the bone, 
perhaps through effects on acid-base balance. The form seems less important for 
controlling blood pressure. Research on dietary K intake is likely to increase because 
itis an identified shortfall nutrient and increasing K consumption may have a marked 
influence on arterial pressure and hypertension, an important risk factor for all 
cardiovascular and related chronic diseases (Stone et al. 2016; Stone and Weaver 
2018). 


Disclosures Portions of this Chapter have been reproduced and/or adapted from the following 
source: Stone, M.S., L. Martyn, and C.M. Weaver, Potassium Intake, Bioavailability, Hypertension, 
and Glucose Control. Nutrients, 2016. 8(7). License: CC by 4.0. https://doi.org/10.3390/ 
nu8070444. 
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Fig. 15.1 A better understanding of how K consumed from the environment moves through the 
body including K storage and excretion, and how this may affect various physiological systems, 
which will in turn improve outcomes related to the health consequences of these relationships 
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Thematic Glossary of Terms 


K Pools 


Harvested plant K K in plant material, such as grain or biomass, that has been 
removed from a given area of soil by crop harvest. It may be reported as kg K ha! 
(Fig. 1.1, Box 2). 

Interlayer K K that is bound by varying intensities between 2:1 layers of 
phyllosilicate minerals. These K ions may or may not hydrate like those in soil 
solution or those associated with the outer surfaces of mineral particles or 
colloids. 

Interlayer K in micas and partially weathered micas K ions that are between 2:1 
layers and that are not hydrated. When K occurs “deep” within mineral particles, 
it is largely isolated from chemical reactions that occur near the surface or edges 
of the mineral domain. However, interlayer K ions close to the edges of these 
minerals may be susceptible to release to the soil solution in response to crystal 
dissolution, ion exchange reactions, and diffusion gradients (Fig. 1.1, Box 11). 

Interlayer K in secondary layer silicates Interlayer K in minerals such as illite, 
vermiculite, and smectite for which the layer charge is lower than that of primary 
micas. The lower layer charge means that the K ions are more likely to be 
hydrated and susceptible to cation exchange reactions. For a low-charge smectite 
like montmorillonite, this term overlaps with surface-adsorbed K (Fig. 1.1, Box 
10). 

K in neoformed K minerals K that is bound in crystals of newly formed minerals 
created by the precipitation of K* with other soil solution ions (Fig. 1.1, Box 13). 

K pool K in one of several types of physical or chemical states in a soil or soil-crop 
system (Fig 1.1). 

Leached K (plants) K removed from plants by the action of aqueous solutions, 
such as rain, dew, mist, and fog. 

Leached K (soil) Soluble K* that is displaced below the rooting zone by water 
percolating through the soil (Fig. 1.1, Box 5). 
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Potassium cycle A schematic depicting pools of K in the soil—plant system and the 
directions of fluxes of K among those pools (Fig 1.1). 

Residue K K in plant material such as crop residues, roots, leaf litter, or dead plants 
that have been returned to the soil surface, with or without incorporation by 
tillage. It is typically reported as kg K ha | (Fig. 1.1, Box 7). 

Root-zone K K in the bulk volume of a soil where roots are located. It may be 
reported with units of kg K ha !, usually incorporating assumptions for a uniform 
rooting depth and bulk density of the soil horizons. Root-zone K includes K in the 
rhizosphere as well as K in the bulk soil that is not closely associated with root 
surfaces. 

Soil solution K K that is dissolved in the aqueous liquid phase of a soil. This K is a 
monovalent cation that may be hydrated or part of an ion pair (Fig. 1.1, Box 8). 

Structural K K in the structures of primary tectosilicate minerals like feldspars and 
K in the interlayer regions of primary layer silicates like biotite and muscovite 
(Fig. 1.1, Boxes 11 and 12). 

Surface-adsorbed K K electrostatically associated with negatively charged planar 
surfaces of phyllosilicate minerals and surfaces of iron and aluminum oxides, as 
well as that associated with soil organic matter (Fig. 1.1, Box 9). 


Key Minerals 


Illite One kind of K-bearing mica that is typically dioctahedral and usually occurs 
in the clay size fraction of soils and sediments. In soils, it is generally a product of 
the physical and chemical weathering of primary micas. In marine sediments, 
illite may form when K derived from feldspar weathering enters deeply buried 
smectite-rich sediments. 

Interstratified minerals The occurrence of multiple layer silicate minerals in the 
same mineral domain. For example, high-charge layers of mica and lower-charge 
layers of vermiculite or smectite may be contiguous with one another in the same 
particle (Fig. 7.2). 

Micas Layer silicate minerals with a high layer charge per formula unit (typically 
about 1 mole of charge per 10-oxygen formula unit). The most common of these 
minerals are the primary minerals muscovite and biotite, but there are many 
others. Most micas host K ions between the aluminosilicate layers (Fig. 7.3a). 

Smectite A class of layer silicate minerals composed of one alumina sheet between 
two silica sheets and has a low layer charge due to isomorphic substitution. Layer 
charge normally ranges from 0.2 to 0.6 moles per 10-oxygen formula unit. 
Smectites include montmorillonite and beidellite, among others. The lower the 
layer charge, the more the interlayer regions are likely to swell and allow entry of 
water molecules and hydrated ions (Fig 7.3b). 

Vermiculite A layer silicate mineral that forms by the weathering of primary micas. 
It has a variable concentration of K in interlayer positions. Its layer charge is 
intermediate between that of micas and smectites. In soils, it normally occurs in 
the clay fraction (Fig 7.3b). 
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K Processes 


Atmospheric deposition of K The quantity of K transferred from the atmosphere to 
a given area of land surface. Atmospheric deposition is the sum of wet deposition 
and dry deposition. Wet deposition is the quantity of K transferred from the 
atmosphere to a given area of land by rain, fog, or snow. Dry deposition is the 
quantity of K in atmospheric particles transferred to the soil surface under the 
influence of wind and gravity. 

Diffusion of K Movement of dissolved K in water in response to a K concentration 
gradient in the water. 

Erosion loss K lost from a soil when particles that it is associated with are removed 
by wind or water transport. 

Flux of K The amount of K that moves from one state (pool) to another in a unit of 
time, often referenced to the masses or volumes of the respective states. Flux 
terms are related to the context and states for which they are used (e.g., the rate of 
transfer of K from the soil solution pool to the plant pool). Flux terms may also be 
used to describe movement of K across a tissue boundary, a cell membrane, a soil 
surface, or a crystal boundary. Flux may refer to movement out of or into a 
volume or mass of soil or plant tissue, with efflux used to describe movement from 
one state by referencing the initial state, while influx describes the movement into 
another state by referencing the receiving state. Flux density usually refers 
specifically to the movement across a boundary defined as an area, not a volume 
or mass. 

Macropore flow The movement of water and solutes like K* through large, 
continuous pores in soil. This movement is largely controlled by gravity. It is 
included in the term preferential flow, one that also incorporates thin-film flows, 
where mobile water films at solid surfaces are only a few micrometers thick. 
Macropore flow typically involves limited interaction with the soil solid phase. 

Mass flow of K Movement of dissolved K as water moves through soil in response 
to gravitational and capillary forces. 

Matrix flow The movement of water and solutes like K* from soil volumes of 
higher total soil water potential to soil volumes of lower total soil water potential, 
driven both by gravity and by capillary forces on water molecules. In the context 
of plant nutrition, matrix flow is an example of mass flow in which potential 
interactions of water, solute, and the soil solid phase are maximized. 

Mobility of K The ability of aqueous-phase K* ions to move in soil, either 
vertically or laterally, through both mass flow and diffusion processes. 

Potassium fixation The process in which hydrated K* ions move from the solution 
phase to interlayer positions in phyllosilicate minerals, and then dehydrate as the 
mineral layers contract around them. The K* in this position is not readily soluble 
and is therefore considered nonbioavailable unless changes in the concentration 
of Al-complexing ions, pH, or redox potential of the soil solution promote its 
release during the growing season. 
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Runoff loss, subsurface The quantity of K in water that infiltrates the soil surface 
to shallow depths and then moves laterally in the direction of the topographic 
slope. 

Runoff loss, surface The quantity of K in water moving laterally over the soil 
surface in the direction of the topographic slope. 


Adsorption of K by Soil 


Adsorption of K The retention of K* ions at or near the surface of solid-phase 
minerals or organic matter in a soil 

Localities of K in layer silicate minerals Positions on the surface, edges, or 
interior of layer silicate domains where K* is thought to be differentially 
adsorbed. 
e-Position An interlayer adsorption site, presumably near a particle edge, where 
hydrated K* may be adsorbed but can also move short distances out of the crystal 
and into the soil solution. K in this position may be partially extractable by 
exchange or displacement with NH4*, depending on the mineral, degree of 
prior drying, or other factors. 
i-Position An interlayer adsorption site where dehydrated K* is retained and 
from which it may diffuse only slowly into the soil solution. K ions in this 
position may not be readily extractable with NH,*-based soil test solutions. K 
in these localities includes that in unweathered primary layer silicates like mica. 
In the context of soil testing, this K may be identified as nonexchangeable K, 
although that term also includes structural K in feldspars or other primary 
minerals. 
p-Position Planar surfaces of phyllosilicate minerals where hydrated K* ions 
may be adsorbed by Coulombic forces in outer-sphere complexes. K associated 
with these surfaces is readily exchangeable or displaceable with NH4* and other 
cations. 

Wedge zone The interlayer volume of a 2:1 layer silicate near which two joined 
phyllosilicate mineral layers have begun to separate from one another due to 
changes in layer charge and adsorbed interlayer cations. Localities where K ions 
are retained in this volume of a mineral crystal are called wedge sites. This K is 
included in the concept of nonexchangeable K. 


Soil Testing 


Exchangeable K The mass of K that that can be extracted from a known mass of 
soil sample by cation exchange or displacement reactions, using a solution of a 
specified composition under a specific set of controlled conditions (e.g., temper- 
ature, shaking time, and solid:solution ratio). It is normally reported in units of 
mass or equivalents (mg or cmol K) per unit mass of soil (e.g., kg” '). Because 
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exchangeable K values in soil have been correlated with plant growth or crop 
yield, the term has been assumed to correlate with soil K that can be absorbed by a 
growing plant under unspecified soil conditions and periods. Its magnitude and 
reproducibility vary, depending on the specific chemical and physical character- 
istics of the extraction procedure as well as on the history of previous fertilization, 
method of sample collection, sample pretreatments, and soil mineralogy. One 
widely used method is the extraction of K by equilibrating a soil sample with 
1 M NH, acetate buffered at pH 7. 

Extractable K K that can be removed from a soil sample by a particular solution 
under standardized conditions. 

Nonexchangeable K Soil K that is not extracted from a soil sample by soil tests that 
promote exchange or displacement of K* by another cation. In principle, this value is 
equal to total soil K minus exchangeable K. However, in some literature, 
nonexchangeable K has referred to the difference between K that can be dissolved 
from a soil sample by incomplete chemical dissolution extractions and exchangeable 
K. Incomplete extraction procedures include partial dissolution using boiling nitric 
acid or precipitation of solution K using sodium tetraphenylborate (NaB(C,Hs),). 

Soil K status An evaluation of a soil's capacity to provide sufficient K to meet 
demands for normal crop growth and development. Classes (e.g., very low, low, 
optimal, or high) are normally based on the soil-test values of soil samples 
collected from the rooting zone and may be specific for different crop genotypes 
and species. Other factors (e.g., soil mineralogy, parent material, drainage class, 
or regional climate) may also be incorporated. For example, soils described as K 
deficient could have low-medium K status, and K amendments would be 
recommended to improve crop growth and yield. 

Soil-test K The quantity of K solubilized by the reagents in an extracting solution 
under standardized conditions. Commercially used soil testing extractions are 
designed to be rapid, inexpensive, and reproducible. The most common soil test 
for K is the exchangeable K test. 

Total soil K The concentration of K determined by a procedure in which the mass 
of a soil sample is entirely dissolved, usually requiring both hydrofluoric acid and 
a strong acid like nitric acid. 


Modeling 


Labile K The quantity of K in the soil solution plus the quantity of K that is readily 
desorbed into solution from solid-phase surfaces. 

Plant-available soil K The quantity of soil K that is capable of being absorbed by a 
plant during a growing season. In the context of soil testing and modeling, this 
term represents K that is potentially bioavailable to plants. See also 
bioavailability. 

Plant K The total quantity of K that has accumulated in a plant. 
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Potassium accumulation The quantity of K in either the entire plant (roots, shoots, 
and seeds/storage organs) or in specified plant organs at a given time during the 
growing season. 

Potassium harvest index The mass of harvested plant K divided by the mass of 
total K accumulation in the plant either at the point of maximum accumulation 
during the production season or at crop harvest. Typically, this measure does not 
consider the K contained in plant roots. 

Potassium-holding capacity The maximum quantity of K that can be retained by a 
given volume of soil and not lost through runoff, leaching, or erosion. 

Potassium input The quantity of K originating outside a given volume of soil that 
moves into that volume as a result of fertilization, leaching, irrigation, atmo- 
spheric deposition, runoff, erosion, evapotranspiration, or similar processes. 

Potassium output or loss The quantity of K in a given volume of soil (or soil-plant 
system) that moves outside that volume in response to crop harvest, leaching, 
erosion, or similar processes. In some contexts, output may refer only to K 
removed by crop harvest. 

Potassium release Movement of K from organic matter, mineral surfaces, or 
mineral interlayers to the soil solution, making it mobile or plant-available. 

Remobilization The translocation of K from one plant tissue to another (e.g., from 
older to younger leaves, from vegetative material into grains or cotton lint, and 
from senescing leaves into other plant parts). In some literature, this concept is 
referred to as resorption. 

Resorption See remobilization. 

Throughfall Precipitation that passes through the plant canopy. 

Unharvested plant K The quantity of plant K returned to the soil in the form of 
leaves, stems, root residues, and other plant organs or tissues (Fig. 1.1 Box 7). 


Nutrient Use and Efficiency 


Agronomic efficiency For a given nutrient, the difference in crop yield with and 
without nutrient inputs divided by the sum of nutrient sources. For example, the 
agronomic efficiency of K fertilizer use is defined as the difference in crop yield 
with and without K fertilizer inputs, divided by the amount of K fertilizer applied. 
A more general term, agronomic K use efficiency, represents crop production 
(biomass or harvested yield) per unit of all soil K (indigenous and applied in 
fertilizer) that is assumed to be bioavailable. The general term is numerically 
equal to the product of the K uptake efficiency and the agronomic K utilization 
efficiency (see below). 

Apparent fertilizer recovery efficiency For a given nutrient, the increase in 
nutrient uptake attributable to fertilization divided by the sum of fertilizer inputs. 

K uptake efficiency Mass of K in crop tissue per unit of soil K that is assumed to be 
bioavailable to the crop. 

K utilization efficiency Crop yield per unit of K mass in crop tissue. 
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Nutrient balance An account of the total inputs, outputs, and transformations of a 
particular nutrient in an agroecosystem. 

Partial factor productivity For a given nutrient, biomass yield divided by the sum 
of inputs of a selected factor (e.g., K). 

Partial nutrient balance For a given nutrient, the sum of nutrient outputs divided 
by the sum of nutrient inputs. 

Partial nutrient balance intensity For a given nutrient, the sum of nutrient inputs 
minus the sum of nutrient outputs. 


Fertilizers and Fertilization 


Banding Confining the placement of fertilizer or other agricultural inputs to defined 
zones in the soil profile, usually parallel to existing crop rows or where crop rows 
will be planted, and at varying depths below the soil surface. 

Broadcasting Placement of fertilizer on the soil surface in an even but random 
distribution. 

Fertigation Supplying nutrients to plants in water that is used to irrigate the plants. 

Foliar nutrient application Application of nutrients directly to plant leaves in the 
form of aqueous solutions. To avoid tissue damage, foliar applications must be 
made in dilute nutrient concentrations. Therefore, for major nutrients like K, 
foliar application can only supplement and not substitute for uptake from the soil. 

Potash fertilizer Forms of K that are used as soil or plant amendments, including 
potassium chloride (KCl), also called muriate of potash (MOP); potassium sulfate 
(K2SO,), also called sulfate of potash (SOP); potassium magnesium sulfate 
(K2SO4-MgSO,), sometimes referred to as sulfate of potash magnesia (MgSOP 
or SOPM); potassium nitrate (KNO3), also called nitrate of potash (NOP) or 
saltpeter; KOH, potassium hydroxide, diluted in aqueous form; and mixed 
sodium-potassium nitrate (NaNO3 + KNO3), also called Chilean saltpeter. By 
historical convention in some countries, the K concentration in commercially 
available potash fertilizers is usually reported in K5O equivalents (as % K5O), 
although there is no potassium oxide in the fertilizer. 

Reserve That part of the reserve base which could be economically extracted or 
produced at the time of determination. 

Reserve base That part of an identified resource that meets specified minimum 
physical and chemical criteria related to current mining and production practices, 
including those for grade, quality, thickness, and depth. 

Resource A concentration of naturally occurring solid, liquid, or gaseous material 
in or on the Earth's crust in such a form and amount that economic extraction of a 
commodity from the concentration is currently or potentially feasible. 
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Tissue Testing 


Critical concentration The tissue concentration of a nutrient that differentiates 
between suboptimal and supra-optimal (luxury consumption) nutrient uptake, 
also called critical percentage (Fig. 9.11). 

Luxury consumption Supra-optimal nutrient tissue concentrations where there is no 
relationship between increasing tissue concentration and biomass or crop yield. 
Plant K deficiency Tissue K concentrations at which plant growth is suboptimal 
and where increasing tissue K will result in increases in biomass, grain yield, crop 

quality, and/or plant health. 

Sufficiency range (plants) A continuous range of tissue concentrations of a nutri- 
ent that are related to adequacy for optimal growth and development of that plant 
species. 

Tissue test K Determination of the K concentration in plant tissue to evaluate the 
nutrient status of the plant. 


Plants and Plant Processes 


Bioavailable K The flux of K into a living organism over a specified period defines 
what is bioavailable from the organism's perspective. The term may be used to 
refer to K flux into soil flora and fauna, not just plants. From the soil's perspec- 
tive, bioavailability is most often used as a potential term, i.e., the amount of a 
nutrient in soil that is capable of being taken up by organisms (e.g., plants, soil 
biota, or microbial communities) over the period of a growing season. Soil tests 
are intended to index bioavailable K from the soil's perspective. Bioavailable 
K in either sense varies with the forms of K in soil as well as with plant species or 
other organisms, soil properties, and edaphic conditions. 

Chlorosis The condition when plant cells are unable to produce sufficient chlorophyll. 

Chlorotic lesion A localized region of plant tissue consisting of cells in which 
chlorophyll is not produced. 

Demand stage Division of the growing season of a plant into periods when demand 
for a particular nutrient waxes or wanes, depending on the need for the nutrient 
during growth; examples are germination, vegetative, and reproductive stages. 

Flux equilibrium in nutrient uptake When the rate of nutrient uptake from the 
soil solution by the plant equals the rate of nutrient replenishment from the soil 
solid phase to the soil solution. 

Genotype All or part of the collection of biological information in genes that are 
inherited from one organism by its descendants. 

Guttation An exudation of xylem sap from leaves when leaf stomata are closed, 
due to osmotic pressure from roots. 

Necrosis Premature cell death. 

Necrotic lesion A localized region of plant tissue that shows physiological or 
disease-related cell changes that lead to autolysis, in which cell components are 
decomposed by the plant's own enzymes. 


Thematic Glossary of Terms 455 


Phenology The expression of plant traits relating to different development stages. 
The rate of phenological development will be influenced by climatic factors as 
well as the availability of water and essential nutrients. 

Phenotype The expression of genetic information in an individual organism. 

Red edge A rapid increase in reflectance at the end of the visible and the beginning 
of the infra-red spectrum. 

Synchrony The degree to which bioavailability and uptake of a nutrient in soil 
matches a plant’s demand for that nutrient during the course of the growing 
season. 

Transporter proteins Proteins that are embedded in cell membranes and that 
facilitate the movement of ions and small molecules into and out of the cell. 
Tillering The development of multiple stems on a seedling sprouted from a 

single seed. 

Uniculm species A monocot species that has a single stem with no tillers. 


Rhizosphere and Roots 


Exudates A wide range of organic compounds secreted into the soil by roots, 
including organic acid anions, amino acids and peptides, monosaccharides and 
oligosaccharides, hormones and growth factors, lipids, phenols, and sterols. 
Roots also release hydronium ions as well as nutrient cations and anions. 

Rhizosphere The volume of soil immediately adjacent to and influenced by plant 
roots. For most nutrients, the extent of the soil affected by root processes ranges 
from ~0.5 to ~4 mm from the root surface. 

Rhizosphere pH The pH of water in the rhizosphere immediately adjacent to roots. 
Root processes may acidify that solution when the net uptake of charges associ- 
ated with cations (including K*) is greater than the net uptake of charges of anions 
taken up by the root. Conversely, net uptake of anionic charges (e.g., those of 
nutrient anions such as nitrate and phosphate) that exceeds the net uptake of 
cationic charges may lead to net alkalinization. Changes in pH as a result of root 
activity depend on a number of factors, including concentrations of nutrient 
cations and anions that are absorbed by the root, the buffer capacity of the soil, 
the initial pH of the solution, respiration rates of CO», and the rates of diffusion of 
molecules and ions released to the solution. 

Root hairs Elongated, tubular extensions of single cells from a root's epidermis. 
Because of their high surface area and lack of a cuticle, root hairs are primarily 
responsible for water and nutrient absorption from the soil. They are also respon- 
sible for the release of exudates into the soil solution. 

Root system architecture (RSA) The typical angles and degree of branching of the 
roots of a plant. 

Root system plasticity The ability of a growing plant to adapt its root system 
architecture and root length to access nutrients and water in different parts of the 
soil profile as it grows. 


